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ABSTRACT 
Enzymes act as catalysts which has been variedly used for industrial applications and 
research laboratories are prone to enzyme instability. For this purpose they need to 
be immobilised onto supports to increase the reusability and stability. Also, the free 
enzymes tend to aggregate in solution which leads to decrease in activity but when 
immobilised, aggregation is prevented due to dispersion of enzymes leading to hyper 
activation. Furthermore, immobilisation can lead to enzyme rigidity thereby protecting 
them under drastic conditions. Enzyme possess various hydrophobic/hydrophilic 
groups on their surface which can be utilised for immobilisation. Various supports like 
resins, functionalised silica beads, mesoporous silica, chitosan and sol-gels have been 
used for this purpose. Upon immobilisation onto supports,   secondary structural 
changes in enzyme is observed which may lead to a positive or negative effect on its 
activity. Hence, it is important to study the changes in secondary structure of enzymes 
upon immobilisation. Most of the supports, currently available possess mass transfer 
limitations and sometimes denature the enzymes thus reducing its activity. In order to 
overcome these issues, a new class of biocatalysts are required which have a positive 
effect on enzyme activity. 
Graphene oxide (GO) and its derivatives have emerged as new soft nanomaterials 
with enormous potential in many bio-nano applications. They have a large surface 
area with various functional groups, thus, behaving as an ideal substrate for enzyme 
immobilisation. They provide an elegant hydrophobic/hydrophilic surface for 
immobilisation which can assist in easy access of active site. This has ignited new 
hope for effective immobilisation of important enzymes that remains challenging for 
their large-scale industrial applications. Here we have designed “tailor-made” 
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graphene oxide based nano-supports for more effective enzyme immobilisation 
through molecular engineering, to control biophysicochemical interactions at nano–bio 
interface which in general is still in its infancy.  
The aim of this thesis was to study the effect of various hydrophobic supports 
synthesised by controlled reduction of graphene oxide on enzyme structure and to 
investigate their architecture. For this purpose enzymes like lipase, microperoxidase 
11 (MP-11), horseradish peroxidase (HRP) and glucose oxidase (GOD) were studied 
by both experimental and theoretical approaches on GO based supports. In general, 
the enzymes were witnessed to have an increase in activity upon immobilisation onto 
increasing hydrophobic surfaces.  
Lipases an industrially important enzyme are known to have a hydrophobic helical lid 
surrounding the active site. In order to investigate the lid opening with respect to 
different hydrophobic supports, theoretical and experimental studies were carried out. 
Studies suggested opening of with increasing hydrophobicity, which resulted in 
increased activity. The structural changes taking place in lipase was further studied 
using peak force quantitative nanomechanical mapping atomic force microscopy (PF 
QNMAFM) which showed decrease in height and deformation profile for lipases upon 
immobilisation onto higher hydrophobic supports. Also, lipases are known to form 
bimolecular aggregates called dimers due to hydrophobic interactions between 
monomers. As a proof of concept we employed nano graphene (NGr) to dissociate the 
lipases into monomers. It was observed that at lower concentration (conc.) NGr is able 
to initiate the dissociation process, but it still requires more experimental evidence to 
show the complete dissociation. It was also witnessed that NGr was able to increase 
aggregation temperature by 10° C due to hydrophobic interactions with lipases, 
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thereby preventing intermolecular interactions causing aggregation. Once the 
immobilisation was observed to have an increase in activity, the work was extrapolated 
to another enzyme namely, MP-11.  MP-11 was self-assembled on graphene and 
deposited by layer-by-layer addition to study the effect of layer thickness on the 
sensing properties. Increase in sensitivity was observed with increase in layer 
thickness that could be used for fabrication of 3D architectures. After thorough 
understanding of single enzyme immobilisation, further work was carried out to study 
the effect of co-immobilisation for bienzyme system. HRP and GOD were used as 
model enzymes. It was observed that hydrophobicity of graphene oxides and various 
enzyme architectures for co-immobilised system are important attributes for achieving 
high product conversion rate. A transient time close to 0s was achieved when enzymes 
are randomly co-immobilised close to each other, due to direct molecular channelling. 
Based on the above findings, we have designed multilayered GO papers for long-term 
enzyme storage with retained high activity and reusability. We expect that these 
results will provide new guidance for improved tuning of enzyme activity and design of 
smart materials in future. This research is a major step towards designing novel 
nanomaterials as a platform for enhancing enzyme immobilisation/activity.  
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 Introduction  
Two-dimensional (2D) nanosheets has gained its interest since 2004, when Dr. Andre 
Geim and Dr. Konstantin Novoselov isolated free standing single layer of graphene 
(Novoselov et al., 2005). This discovery challenged the theoretical views on 2D 
materials and showcased the research community about the stability and potential 
applications of the 2D nanosheets. The stability is governed by the fact that they might 
have infinitely small variations at low temperatures owing to thermal fluctuations 
(Novoselov, 2011). Another possibility being, the exfoliated nanosheets stabilised by 
ripples that extend 2D nanosheets into 3D objects (Meyer et al., 2007). After isolating 
free-standing graphene, the work was extrapolated to other inorganic materials giving 
rise to MoS2, BN, transitional metal dichalcogenides (TMDs), clay and metal oxides   
nanosheets. Since then, there has been much interest in 2D nanosheets. These 
materials have a restricted dimension which makes them disparate from its 3D form. 
One can discriminate this in terms of restriction in size or motion along length and 
breadth, which gives rise to a flat land (Novoselov, 2011). Once graphene was isolated 
its properties were significantly different from its counter-part that could be an added 
advantage for applications in fields like composite materials, electronics and 
biomedicine. This plate like material could be tailored by stacking them on top of each 
other to obtain layered 3D material which has huge potential application. In this 
chapter, we discuss the synthesis, surface chemistry and biological applications of 2D 
nanosheets. 
1.1.1  Graphene and Graphene Oxide 
Graphene and graphene oxide are the new frontiers in the field of nanomaterial’s 
which has huge potential applications. Graphene has outstanding mechanical, 
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electrical and thermal properties which is apt for its applications in the field of bio-
sensors. On the other hand GO is non-conductive, yet, it has gained interest because, 
they are single sheets with rich functional groups which could be used for 
functionalisation. Alongside they also possess hydrophobic and hydrophilic groups 
which could be tuned at the molecular level to bind various biomolecules, thus, paving 
way to a new era of nano-biotechnology. The detailed description of these carbon 
nanomaterial’s and their applications are discussed in further sections.  
As shown in figure 1.1 (Iwan and Chuchmała, 2012), graphene has a 2D structure 
comprising of single layer carbon atoms connected by sp2 covalent bonds (Castro 
Neto et al., 2009) forming a honeycomb like structure. These are individual layers of 
graphite which are stacked on top of each other by van der Waals forces and π-π 
interactions (Ratinac et al., 2011). Depending on the number of layers these sheets, 
can be divided into four groups namely: single layer graphene (Balandin et al., 2008), 
bilayer graphene (Ohta et al., 2006), few layer graphene (Reina et al., 2008) and 
multilayer graphene (Johnson et al., 2010); each with its own unique properties. These 
sheets are flexible and not completely flat which makes free standing paper of 
multilayer graphene to crumble (Castro Neto et al., 2009). On the other hand, GO 
comprises of single atom thick carbon sheets (figure 1.1) with carboxylate groups at 
the edges imparting negative charge which is pH dependant (Mathesh et al., 2013). 
Its basal plane comprises of hydroxyl and epoxide functional groups together with 
unmodified graphenic domains which are hydrophobic in nature and assists in π-π 
interactions (Sanchez et al., 2011). These sheets thus, result in giant amphiphilic 
molecule which act as a surfactant (Kim et al., 2010) and stabilises hydrophobic 
molecules in solution (Guo et al., 2011).   
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Figure 1.1 Chemical structure of graphene and graphene oxide. Adapted with permission (Iwan 2012). 
Copyright © 2012, Elsevier. 
With the isolation of single layer graphene sheets, there were notions of isolating other 
2D nanosheets using micromechanical cleavage which was later proved by Novoselov 
2005. This gave raise to hexagonal boron nitride which possess higher chemical and 
thermal stability (Yu et al., 2010);  and MoS2 (metal dichalcogenides) with tuneable 
band gap. With a large variety of nanosheets synthesised it is possible to tailor their 
properties according to the needs and exploit them for practical applications. 
1.1.2   Hexagonal Boron Nitride  
Hexagonal boron nitride (h-BN) also referred as ‘white graphene’ comprises of 
honeycomb like lattice and is an isoelectric analogue of graphite (Lin et al., 2009). It 
does not absorb light in the visible region of the electromagnetic spectrum (Pakdel et 
al., 2013, Zeng et al., 2010). The individual layers are held together by van der Waals 
Enzyme Architectonics on Graphene Oxides 
5 
 
forces and have an interlayer distance of 0.33 nm (Pease, 1952) which is similar to 
that of graphene. Herein, the hexagonal lattice comprising C-C bonds in graphene are 
replaced by polar, sp2 hybridized B-N bonds which are covalent in nature (Song et al., 
2010). They have a large band gap of 4-6 eV rendering them as an insulator (Zunger 
et al., 1976). Figure 1.2 shows the comparison between graphite plane and h-BN plane 
(Souche et al., 1998). The other important properties of BN are high temperature 
resistance, chemical inertness, environmental safety and poor wettability (Eichler and 
Lesniak, 2008). This find applications in optoelectronic devices (Davis, 1991, Shi et 
al., 2010) and  dielectrics (Song et al., 2010). BN nanotubes have also been chemically 
functionalised with molecular groups for the advent of technologically useful materials 
like biosensors (Sainsbury et al., 2007), which is achievable in case of BN nanosheets 
as well. BN nanosheets show photoluminescence at 224 nm wavelength (Hua Li et 
al., 2012) applicable for deep ultraviolet light-emitting diodes. On the other hand, they 
are also used as templates for graphene-based electronic device fabrication with 
reduced roughness and chemical reactivity (Dean et al., 2010). 
 
Figure 1.2 Comparison between graphite and hexagonal boron nitride structures. Adapted with 
permission (Souche 1998). Copyright © 1998, Elsevier. 
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1.1.3  MoS2 
Transitional metal dichalcogenides (TMD) have received great attention because they 
are semiconductors with fairly large band gap and are naturally available (Mak et al., 
2010). MoS2 belongs to this family having a honey comb like structure with covalently 
bonded S-Mo-S sheets held by van der Waals forces (Splendiani et al., 2010) with an 
interlayer spacing of 0.65 nm. Figure 1.3  shows the 3D structure of MoS2 sheets 
(Radisavljevic et al., 2011). The band gap of bulk MoS2 is 1.2 eV (Kam and Parkinson, 
1982) which changes to 1.8 eV (Mak et al., 2010) after exfoliation. The indirect to direct 
band gap transition from bulk (3D) to single-layer sheets (2D) is due to quantum 
confinement effects which is evidenced as photoluminescence (Chhowalla et al., 
2013).   This band gap could be tuned as it is dependent on the number of layers. 
They could also be doped with transitional metal atoms giving raise to new properties 
such as net magnetic moment which is not present in its 3D form. This makes them 
an ideal candidate for nanoelectronics and spintronics applications (Ataca and Ciraci, 
2011). Presence of hexagonal structure in the basal planes could be used to bind 
aromatic and conjugated compounds with the help of van der Waals interactions 
(Moses et al., 2009). There has been reports suggesting intercalation of organic 
molecules between restacked single layers of MoS2 with ferrocene (Divigalpitiya et al., 
1989). This intercalation has been further extrapolated for photothermal therapy and 
quantitative measurements of oligonucleotides as discussed in section 1.5.3. 
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Figure 1.3 Three dimensional representation of MoS2 structure. Adapted with permission (Radisavljevic 
2011). Copyright © 2011, Nature publishing group. 
 Why 2D nanosheets are important? 
Once graphene was isolated in 2D form, researchers explored other 2D materials like 
MoS2, h-BN  and Bi2Sr2CaCu2Ox (Novoselov et al., 2005). Five major reasons which 
justifies the importance of 2D nanosheets are: peculiar properties of 2D materials 
which is not observed in its 3D form, open to manipulations, increased surface area, 
ease of functionalisation and fabrication of hybrid materials. These are explained in 
details below. 
1) The properties of 2D nanosheets are very different from its counterpart 3D form 
from which they are exfoliated. This is due to the fact that their mobility is 
restricted to two dimensions rather than three dimensions. A well-known 
example for this is graphene. Graphene in its 2D form is light and transparent, 
yet dense enough to not allow helium atom to pass through it (Nair et al., 2012); 
more conductive than copper (Geim, 2009) and stronger than steel (Savage, 
2012) which is absent in its 3D counterpart graphite. 
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2)  According to Novoselov (2012 a) , the 3D materials have limitations related to 
modification and manipulation to achieve a desired function; as the geometry 
could be easily effected by surrounding condition such as radiation; and the 
chemistry used for manipulation (for instance doping), could be detrimental for 
parameters like electron transfer (Novoselov and Castro Neto, 2012). However, 
2D nanosheets provide better control over the above parameters, for example, 
electronic properties could be easily controlled by strain, shear and bending 
(Pereira et al., 2009) thus providing a superior authority on parameters for 
industrial applications.  
3) One of the other reasons to use 2D nanosheets is its large surface area. 
Vermiculite which is used to purify water is an excellent example for the same. 
The ion exchange ability of vermiculate increases 106 times when its surface 
area increases with expansion (Luckham and Rossi, 1999).  
4) In terms of the structure of 2D nanosheets, all the atoms are exposed on 
surface, which could be functionalised to fabricate hybrid materials for 
applications in the field of drug delivery, biosensors and diagnostic purposes. 
5) 2D monolayers tuned for different properties can be stacked upon each other 
by means of layer by layer assembly or self-assembly. This would revolutionise 
the current technology with materials that have always been imagined. For 
instance, MoS2 nanosheets have been grown on graphene to fabricate a hybrid 
material. This hybrid exhibits excellent electrocatalytic activity in hydrogen 
evolution reaction (Li et al., 2011b) and acts as a cocatalyst  for hydrogen 
production by water splitting reaction (Xiang et al., 2012). On the other hand, 
bilayer graphene sandwiched between h-BN has been studied, considering 
tunability of band gap for electronic applications (Ramasubramaniam et al., 
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2011) in the field of biosensors. With respect to biological applications, diverse 
nanosheets could be functionalised with a variety of biomolecules to give a 
multi-functional 3D material which will eliminate the need for developing distinct 
materials for varied applications. For example, GO and MoS2 could be bound 
with various ssDNA and used for molecular probing of different targets of DNA 
at the same time. 
 Need of 2D nanosheets for biological applications 
Graphene family sheets are known to have good thermal conductivity, stability; and 
mechanical strength which could find its applications in the field of electronics (Gilje et 
al., 2007), photonics (Bonaccorso et al., 2010), sensors (Cheng et al., 2010), energy 
generation and storage devices (Brownson et al., 2011). Much emphasise and 
research expertise have been put on the above mentioned properties but, herein, we 
will focus on properties which are useful for biological applications. The most 
fascinating properties of 2D materials for biological and biomedical applications are 
large surface area, control over size, high purity and ease of functionalisation 
(Novoselov et al., 2012) which go well with other 2D nanosheets. Sanchez et al. 
(2011), has reported the properties of 2D materials which are useful for biological 
applications. 
Derived from Brunauer-Emmett-Teller (BET) surface area measurements, a single 
graphene sheet has surface area of 2600 m2/g (Stoller et al., 2008), which is higher 
than other nanoparticles that have been studied in biological systems. Exposure of the 
complete surface area rather than part of it, as in case of single or multi walled carbon 
nanotubes, is the most appreciating feature and is useful for biological interactions. 
However, one of the major issues faced by graphene is re-stacking of its plate structure 
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due to aggregation potentially reducing its surface area, which can be overcome with 
the help of pillared structures (Dimitrakakis et al., 2008) or with simple surface 
chemistry (Li, 2008). Researchers have shown the possibility of increasing the 
interlayer distance between the sheets with the assistance of carbon nanotubes 
(Zhang et al., 2010e) helping in access of surface area in between two sheets. Surface 
area available for utilization in a plate like structure depends on the number of layers. 
As layer number increases the surface area available decreases due to the fact that 
stacked sheets reduce the accessibility to the bottom layers. In contrast, for increasing 
the stiffness of graphene sheets the number of layers should be more. Hence, there 
is a need for compensation between surface area and stiffness. 
The size of the nanoparticles (NP’s) should be controllable for its appropriate use. In 
the case of nano graphene the size can be controlled with the aid of ultrasonication, 
which breaks the larger flakes into smaller particles and characterised by atomic force 
microscopy (AFM) or scanning electron microscopy (SEM). Dynamic light scattering 
is an important  tool for nanoparticle size determination  but the drawback being the 
principles of DLS, which are based on spherical models rather than flat sheets 
(Sanchez et al., 2011). Particle size is responsible for in vivo distribution, toxicity, fate 
of NP’s in biological systems and ability to target the cells (Mohanraj and Chen, 2007). 
Uptake rate of smaller particles is shown to be higher than bigger particles (Desai et 
al., 1997).  In case of dichalcogenides like MoS2 the control in shape and size can 
assist in controlling the surface chemistry (Chhowalla et al., 2013). 
Biocompatibility of any given polymeric biomaterial depends on various factors which 
includes interfacial free energy, type and density of surface charges, molecular weight, 
conformational flexibility, chemical structure and functional group, surface topography 
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and roughness, and balance between hydrophobicity and hydrophillicity (Wang et al., 
2004). Among them the latter three plays a crucial role in case of nanosheets. Growth 
pattern of endothelial cells was studied with gold alkanethiolates which showed COOH 
groups to have the best growth rate (Tidwell et al., 1997) , thus, backing up GO as a 
biomaterial. On the other hand, hydrophobic surfaces tend to adsorb more proteins as 
compared to hydrophilic surfaces (Elbert and Hubbell, 1996) which causes blood 
clotting, because when protein contacts foreign material it causes platelet adhesion 
and activation, assisting in clot formation. Surface roughness which is the other 
important parameter has been shown to influence clot formation (Sheppard et al., 
1994) suggesting materials should be flat to prevent thrombogenicity. Taken the above 
points into consideration there is much to be explored, as 2D nanosheets have not yet 
been fully studied for their toxic affects to cell lines. A significant group of researchers 
have taken efforts to study the biocompatibility of these nanoparticles, yet, there is still 
a lack in understanding of their use in a larger context, which is a major drawback. 
Some of the research that has made significant contribution to understand its 
biocompatibility are: 
x GO causes cell cytotoxicity which in a dose- and time- dependant manner. They 
have the ability to enter cytoplasm and have negative effects including 
decreased cell adhesion (Wang et al., 2010a). 
x Graphene papers have been shown to be biocompatible with mouse fibroblast 
cells (Chen et al., 2008a). 
x Pegylated-graphene has no possible toxicity at dose 20 mg/kg to BALB/c 
female mice (Yang et al., 2010a).  
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x Intravenous injection of GO showed accumulation in lungs after long period of 
exposure, inducing pulmonary toxicity which are dose dependent (Zhang et al., 
2011d). 
x MoS2 nanoparticles have been synthesised by pulsed laser ablation in water 
and showed to have good solubility and biocompatibility using human 
embryonic epidermal fibroblast cells (Wu et al., 2011). 
All these studies are at the preliminary level and the mechanism of graphene 
interaction with cell lines are not yet clear and has to be investigated further. 
1.3.1  Synthesis of 2D nanosheets  
2D nanosheets are synthesised by exfoliation from its 3D counter-part. There are 
many strategies adopted for synthesis of 2D nanosheets. In this section we will look 
in detail the various methods in application.  
1.3.2  Mechanical exfoliation 
This technique involves the use of sheer force to pull out the top layer, by breaking 
weak bonds between the 3D stacked structure separating individual sheets (Choi et 
al., 2010). Graphene was first isolated from graphite using scotch and tape method 
which essentially involved breaking of π-π bond between the top layer and the one 
below. Figure 1.4 shows the procedure for mechanical exfoliation (Novoselov and 
Castro Neto, 2012). This approach has been extended to a variety of inorganic 
materials also. Single layers of BN, MoS2, NbSe2 and Bi2Sr2CaCu2Ox have been 
synthesised by rubbing its 3D crystal against the surface of one another (Novoselov 
et al., 2005). This leaves behind inhomogeneous layers of material but often a single 
layer is found among them.  
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Figure 1.4 Schematic representation for micromechanical exfoliation of 2D crystals. (a) Adhesive tape 
is pressed against a 2D crystal and peeled (b) the top few layers are attached to the tape. (c) The tape 
with crystals of layered material is pressed against a surface of choice. (d) Upon peeling off, the bottom 
layer is left on the substrate. Adapted with permission (Novoselov 2012a). Copyright © 2012, IOP 
publishing. 
One of the important factors to be considered for mechanical exfoliation is the 
interaction between the surface on which the material has to be deposited after 
cleavage should be stronger than the interaction between the layers of sheets which 
have been exfoliated from the crystal structure (Novoselov, 2011).  This process yields 
very high purity materials but often results in very low yield which is not suitable for 
large scale production. To improve the yield, tailored ball milling has been adopted to 
produce BN nanosheets which can be applied to any layered materials (Li et al., 
2011a). Even though the process is very easy they cannot be used for industrial 
production due to low percentage yield. To circumvent these problems researchers 
considered to look for alternatives which can produce large quantity of materials by 
compromising with the purity to some extent.  
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1.3.3  Chemical vapour deposition 
This method involves the use of a surface which acts as a scaffold on which the 2D 
layer materials are grown. Often the template is chosen based on the difference in 
properties, between 2D nanosheets and the template from which it needs to be 
separated. One of the finest example is, surface assisted growth of BN nanoribbons 
(Chen et al., 2008b). The surface chosen for this purpose was ZnS nanoribbons which 
could be easily synthesised in large quantity and also vaporises at 1100qC in the 
presence of hydrogen but BN does not, thus, helping in separation. Figure 1.5 
represents the methodology followed for CVD (Novoselov and Castro Neto, 2012).  
Analogously, monolayer h-BN was also synthesised using ammonia-borane with 
copper foil as a substrate (Kim et al., 2011).  Graphene has also been synthesised 
using this method, with the help of thermal decomposition of hydrocarbons on 
stainless steel surface, where stainless steel acts as substrate for decomposition 
which could be etched away to obtain free standing graphene. Although the nanosheet 
thickness could be tuned according to the needs, it is difficult to separate out the 
nanosheet from the template which is a great disadvantage. Another disadvantage 
being, use of high temperatures, which may cause trouble with the purity and the 
crystalline nature of the nanosheets. This evoked the need for other techniques. 
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Figure 1.5 Schematic representation for transfer of chemical vapour deposition grown 2D crystals. (a), 
(b) 2D crystals are grown by CVD on a surface of a metal. (c) A sacrificial layer is deposited on top of 
the 2D crystal. (d) The metal is etched away, leaving 2D crystal stuck on the sacrificial layer. (e) The 
sacrificial layer, together with the 2D crystal is transferred onto the substrate of choice. (f) The sacrificial 
layer is removed. Adapted with permission (Novoselov 2012a). Copyright © 2012, IOP publishing. 
1.3.4  Liquid exfoliation  
There have been various reports on exfoliation of layered materials in liquids as it is a 
widely used method for large scale production of nanosheets for industrial 
applications, hence, overcoming the issues posed by mechanical cleavage. Other 
major advantage of this technique is the ease of separation of single layers in colloidal 
solution, with the aid of sonication. Liquid exfoliation could be divided into four 
categories (Nicolosi et al., 2013): Oxidation followed by dispersion in solvents, 
intercalation, ion exchange and ultrasonication. Figure 1.6 shows the schematic 
representation of liquid exfoliation techniques (Nicolosi et al., 2013). 
1.3.4.1  Oxidation 
Graphene is synthesised from GO using chemical oxidation of graphite flakes with the 
help of sulphuric acid and potassium permanganate (Su et al., 2009a). This helps in 
generation of oxygen functional groups on the edges and basal planes which in turn 
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increases the hydrophillicity and helps in dispersion of 2D flat nanosheet upon 
ultrasonication. This method was developed by Hummer initially and has been 
modified subsequently. These oxidised sheets could be further reduced using 
reducing agents like hydrazine hydrate (Li et al., 2008) or NaBH4 (Shin et al., 2009), 
for synthesising graphene sheets. The disadvantage of this method is the creation of 
structural defects in the due course of graphene synthesis, which is a compromising 
factor for large scale production as mentioned above.  
1.3.4.2  Intercalation 
Materials with layered structure can take in molecules into the space between the two 
layers, which reduces the interlayer adhesion and boosts exfoliation process. 
Graphene and MoS2 have been synthesised using this method. Intercalants such as 
sodium dodecyl benzene sulphonate was used to intercalate graphite oxide, followed 
by sonication yielding single to few layer graphene (Lotya et al., 2009). Advantage for 
this technique is the ease of controlling shape of nanosheets (Ida et al., 2008) and 
drawback is its sensitivity to conditions (Eda et al., 2011).  
1.3.4.3  Ion exchange 
When it comes to metal oxide exfoliation such as manganese (Omomo et al., 2003), 
cobalt (Kim et al., 2009) and titanium oxide (Tanaka et al., 2003), electrostatic 
repulsions plays an important role. These metal oxides can undergo protonation by 
exchange of counter ions which destructs the stability of layered materials. This 
imparts electrostatic repulsion between the layers and causes them to swell. This 
swelling facilitates exfoliation through ultrasonication. Layered double hydroxides 
have been delaminated using dodecyl sulphate which were exchanged for inter layer 
anions and refluxed with butanol (Ma et al., 2006). 
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1.3.4.4  Ultrasonication 
Ultrasonication is widely used for synthesis of 2D nanosheets in presence of a solvent 
(Hernandez et al., 2008). In this case, the two governing factors are the ultrasonic 
waves and solvent. The ultrasonic waves creates cavitation bubbles which disrupts 
the layered crystallites (Nicolosi et al., 2013). On the other hand, the solvent selection 
is governed by two criteria (Hernandez et al., 2008). Firstly, they should have the 
surface tension around 40 – 50 mJ m-2 (Hernandez et al., 2008) which is good for 
graphite exfoliation. Secondly, the interaction between the solvent and graphene 
should be stronger than the interaction between graphene layers. For example, N-
methyl-pyrrolidone has been used as a solvent for liquid exfoliation of graphene 
(Coleman et al., 2011) and  dimethylformamide for h-BN (Zhi et al., 2009). These 
solvents have the same surface energy as of layers between crystals which minimises 
the energy gap for exfoliation. However, this method results in lower concentration of 
end product which is its major drawback.  
All the above methods have their own merits and demerits. For example mechanical 
exfoliation produce high quality graphene but the concentration is really low and in 
liquid exfoliation by oxidation the yield is high however, the sp2 network is not fully 
restored (Geng et al., 2010).  For different application, different strategies could be 
used to exfoliate layered materials. If highly pure nanosheets are required then 
mechanical exfoliation is used, on the other hand if structural defects and intercalation 
of ions are required then liquid exfoliation is preferred. Surface assisted growth, 
namely, CVD could be applied for multilayer requirement.  
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Figure 1.6 Schematic description for liquid exfoliation mechanisms. (A) Ion intercalation. Ions (yellow 
spheres) are intercalated between the layers in a liquid environment, swelling the crystal and weakening 
the interlayer attraction. Then, agitation (such as shear, ultrasonication, or thermal) can completely 
separate the layers, resulting in an exfoliated dispersion. (B) Ion exchange. Some layered compounds 
contain ions between the layers so as to balance surface charge on the layers. These ions (red spheres) 
can be exchanged in a liquid environment for other, often larger ions (yellow spheres). Again, agitation 
results in an exfoliated dispersion. (C) Sonication assisted exfoliation. The layered crystal is sonicated 
in a solvent, resulting in exfoliation and nanosheet formation. This mechanism also describes the 
dispersion of graphene oxide in polar solvents like water. Adapted with permission (Nicolosi 2013). 
Copyright © 2013,The american assosiation for the advancement of science. 
 Surface chemistry and functionalisation 
Surface of nanoparticles plays a crucial role with respect to interaction with other 
molecules. Figure 1.7 shows various molecules which could be functionalised using 
graphene (Wang et al., 2011b). The foundation for functionalisation on GO is based 
on the presence of functional groups and its amphiphilic character, which could be 
exploited for biological and biomedical applications. In case of MoS2,thiol chemistry 
has been used to bind ligand which acts as an artificial receptor for ß-galactosidase 
based on the ability of MoS2 to absorb molecules at the internal and perimeter edges 
(Chou et al., 2013a).  Single layer MoS2 could also be functionalised through adatom 
absorption and by creating vacancy defects (Ataca and Ciraci, 2011).  
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Figure 1.7 Functionalisation of graphene and its derivatives with biomolecules. The functionalized 
graphene biosystems with the unique properties have been used for biological applications such as 
biological platforms, biosensors, and biodevices. Adapted with permission (Wang 2011). Copyright © 
2011, Elsevier. 
The ease of surface functionalisation is the main aspect that has bought the interest 
of many research groups. Based on the nature of interaction the linkage could be 
classified into two i.e., covalent and non-covalent interaction which are discussed in 
details in following sections. 
1.4.1  Covalent interactions 
Graphene related materials have rich amount of oxygen functional groups which could 
help in molecular level tuning and fabrication of hybrid materials. Covalent interaction 
basically takes place by covalent bond formation, by functional groups at the basal 
planes or at the edges. Carbon group forms the backbone of the graphene sheets that 
are oxidised to synthesise GO. Most of the chemistry on this group is based on the 
diazonium salt reaction,  which produces highly reactive free radicals on heating and 
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attacks the sp2 hybridised C=C atoms, thus, forming a covalent bond (Georgakilas et 
al., 2012). This has already been in practise for binding aryl groups to glassy carbon 
(Delamar et al., 1992) and carbon nanotubes (Bahr et al., 2001). In case of graphene 
diazonium salt addition reaction was used to tune the electrical conductivity with the 
help of 4-nitrobenzene diazonium tetrafluoroborate (Sinitskii et al., 2010) and also to 
increase the solubility of graphene in polar aprotic solvents (Lomeda et al., 2008). This 
chemistry was also used to graft styrene onto graphene sheet to improve the 
mechanical stability of polystyrene composite film. Hydroxylated aryl groups were 
used as initiators to synthesise polymer functionalised graphene sheets with the help 
of diazonium addition reaction and atom transfer radical polymerisation (Fang et al., 
2009). Similarly, aryl groups were covalently bound to basal plane by reduction of 
diazonium salt to introduce band gap for fabricating graphene based devices 
(Bekyarova et al., 2009). 1,3 dipolar cycloaddition is another type of reaction employed 
to functionalise carbon centre for applications in drug delivery systems (Kordatos et 
al., 2001). Extrapolating the work to graphene this reaction was used to identify the 
active sites on graphene sheets (Quintana et al., 2010). Defect-free 2D graphene has 
been functionalised with azomethine ylide formed by 3,4-dihydroxybenzaldeyde and 
sarcosin condensation by 1,3 dipolar cycloaddition to increase its dispersability 
(Georgakilas et al., 2010). Highly functionalised graphene sheets with peptide was 
demonstrated with the help of nitrene addition of azido-phenylalanine (Strom et al., 
2010). The major application of these reactions is to increase the dispersability of 
graphene and for fabrication of polymer composites. 
The carboxyl groups present at the edges of GO sheets, imparts hydrophilic character 
to GO. Even though these sheets are hydrophilic they are insoluble in organic solvents 
and hence, needs to be functionalised, for which COOH groups could be used as a 
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potential site for covalent functionalisation. One of the most common method of edge 
functionalisation is the acylation reaction (Loh et al., 2010). To carry on acylation, the 
COOH groups needs to be activated which could be achieved with the help of thionyl 
chloride (SOCl2), 1-ethyl-3-(3- dimethylaminopropyl)-carbodiimide (EDC) and N, N'- 
dicyclohexylcarbodiimide (DCC). Once they are activated they form intermediate 
products with COCl group or CONH group which provides site for acylation by 
formation of amide or ester groups. To increase the solubility of GO in solvents, 
octadecylamine was used to bind to the COCl groups which were activated by SOCl2. 
Likewise, the thermal stability of GO was increased by binding with melamine based 
compound namely, 2-amino-4,6-didodecylamino- 1,3,5-triazine (ADDT) via COCl 
group, activated as discussed above (Tang et al., 2011). In another instance, EDC 
activated group was used to impart solubility to nano GO in biological solution by 
coupling it with polyethylene glycol (PEG) that was further used for drug delivery 
purposes (Sun et al., 2008). The basic chemistry involved is the formation of 
carbodiimide bond between GO and PEG. Lastly, DCC was used to bind polyvinyl 
chloride (PVA) to impart solubility to GO in organic solvents to ease solution based 
characterisation (Veca et al., 2009).  
Epoxy and hydroxyl functional groups are present at the basal planes and arise due 
to oxidation reactions. These groups have not been explored much for 
functionalisation with respect to other functional groups. The basic mechanism used 
for functionalisation is nucleophilic attack on α-carbon by amine group (Dreyer et al., 
2010). One of the finest example is the binding of polyallylamine (PAA) having many 
amine groups on its surface. Amine groups attacks the α-carbon resulting in cross 
linking of GO sheets thereby imparting mechanical strength (Park et al., 2009). The 
opening of the epoxy ring by amine group of (1-(3-aminopropyl)-3-methylimidazolium 
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bromide, an ionic liquid, also helps in imparting solubility to GO in organic solvents 
due to the polarity of the final product (Yang et al., 2009b). Phenyl isocynate was 
covalently bound to GO by formation of ester bond with epoxy group which was 
extrapolated by research groups to improve the conductivity of composites 
(Stankovich et al., 2006a). In case of reduced GO, where most of the oxygen functional 
groups are removed by reduction, there exists residual epoxy groups that can be 
functionalised. Thermal stability of RGO has been shown to increase when epoxy 
group is used for grafting polymer rather than free radical grafting method (Hsiao et 
al., 2010). 
The reactions at hydroxyl centre takes place by carbamate esters formation. The 
functionalisation involving carbamate esters has been shown by binding of isocyanate 
compounds on GO by virtue of, esters and amide bonds, by functionalisation with 
hydroxyl and carboxyl groups on GO, respectively (Stankovich et al., 2006b). 
To outline, functional groups present on GO can be divided into two categories, one 
on edges, the carboxyl groups; and other on basal planes, which comprises of epoxy, 
carbonyl and hydroxyl groups. All these groups are the products of oxidation of the 
graphite flakes and are evident from FT-IR studies (Mathesh et al., 2013), which helps 
in covalent interactions. Covalent interactions comprises of amide or ester bond 
formation between molecules comprising amine or hydroxyl groups with the carboxyl 
groups present on GO. Apart from the edge functionalisation, epoxy groups at the 
basal plane are also reactive and could be used for amide linkage. Functionalisation 
with this group usually takes place via ring opening and amide linkage with molecules 
comprising amine group. The principle behind this, is nucleophilic substitution which 
takes place easily at room temperature and hence is a promising strategy (Kuila et al., 
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2012). Figure 1.8 shows different covalent functionalisation chemistry for graphene 
nanosheets (Loh et al., 2010). This kind of interaction has been used to bind 
biocompatible molecules (poly-L-lysine) (Shan et al., 2009) to increase the solubility 
of graphene sheets and also acts as a linker between graphene sheets and the 
biomolecule. 
 
Figure 1.8 Schematic showing various covalent functionalization chemistry of graphene and graphene 
oxide. I: Reduction of GO into graphene by various approaches (1, NaBH4; 2, KOH/H2O; 3, N2H4). II: 
Covalent surface functionalization of reduced graphene via diazonium reaction (ArN2X). III: 
Functionalization of GO by the reaction between GO and sodium azide. IV: Reduction of azide 
functionalized GO (azide–GO) with LiAlH4 resulting in the amino-functionalized GO. V: 
Functionalization of azide–GO through click chemistry (R–ChCH/CuSO4). VI: Modification of GO 
with long alkyl chains (1, SOCl2; 2, RNH2) by the acylation reaction between the carboxyl acid groups 
of GO and alkylamine (after SOCl2 activation of the COOH groups). VII: Esterification of GO by DCC 
chemistry or the acylation reaction between the carboxyl acid groups of GO and ROH alkylamine (after 
SOCl2 activation of the COOH groups) (1, DCC/DMAP or SOCl2; 2, ROH). VIII: Nucleophilic ring-
opening reaction between the epoxy groups of GO and the amine groups of an amine-terminated organic 
molecular (RNH2)103. IX: The treatment of GO with organic isocyanates leading to the derivatization 
of both the edge carboxyl and surface hydroxyl functional groups via formation of amides or carbamate 
esters (RNCO). Adapted with permission (Loh, 2010). Copyright © 2010, Royal Society of Chemistry. 
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1.4.2   Non-Covalent interactions 
Covalent interactions results in change in chemical nature of graphene or the molecule 
bound to it, changing the properties of the individual. Suitable substitute for covalent 
interactions are the non-covalent interactions that do not alter the chemical state or 
properties of the individual. In case of biomolecules, these kind of interaction are 
prevalently applied. These could be divided into electrostatic, π-π and hydrophobic 
interactions. 
1.4.2.1  Electrostatic interactions 
GO has negatively charged carboxyl groups present on them, which provides site for 
functionalisation using cationic molecules. This principle has been applied for removal 
of cationic dyes (Ramesha et al., 2011) and also for removal of copper ions (Yang et 
al., 2010c) from aqueous solutions. In case of graphene, charged groups could be 
introduced by reducing GO in presence of polymers. Graphene synthesised from 
reduction of GO in presence of  cationic poly(ethyleneimine) (PEI) introduced cationic 
groups and was used for self-assembly with acid-oxidised multiwalled carbon 
nanotubes (Yu and Dai, 2009). In another instance, GO-PEI hybrid was used for high 
efficiency loading of plasmid DNA (pDNA) and studied for gene transfection, pDNA 
self-assembled with cationic PEI resulted in (figure 1.9) high transfection efficiency 
(Feng et al., 2011).  
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Figure 1.9 Schematic illustration showing the synthesis of GO-PEI-DNA complexes via LBL assembly 
process. Graphene oxide (GO) was non-covalently functionalized by PEI polymers, forming positively 
charged GO-PEI complexes. GO-PEI complexes were used to load negatively charged pDNA by 
electrostatic interactions. Adapted with permission (Feng 2011). Copyright © 2011, Royal Society of 
Chemistry. 
Furthermore, graphene was introduced with both positive and negatively charged 
groups by covalently binding poly(acrylamide) and poly(acrylic acid) stacked by layer 
by layer assembly to form multilayered film (Shen et al., 2009).  
1.4.2.2  π-π and hydrophobic interactions 
The graphitic structure has delocalised π orbital assisting in π-π interaction. Apart 
from them, the basal plane has small graphitic domains due to incomplete oxidation 
of graphite (Cote et al., 2010) that provides hydrophobic domains suitable for 
functionalisation. The drug molecules with aromatic structures could be bound with 
GO sheets and used for drug delivery purposes. A nanocarrier hybrid system was 
fabricated with the assistance of π-π stacking between doxorubicin (DOX) and GO, 
which  was further encapsulated with chitosan conjugated  folic acid and applied for 
delivery purposes (Depan et al., 2011). This hybrid material (figure 1.10) comprised of 
chitosan which provided biocompatibility, folic acid for targeted delivery and DOX, an 
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anticancer drug molecule. The solubility of graphene sheets in aqueous solution is 
difficult due to strong π-π interaction between individual graphene sheets that needs 
to be overcome for dispersion in solvents. For industrial applications, it is necessary 
to prevent aggregation of graphene sheets to prevent loss of unique properties 
available in single sheets (Li et al., 2008). For this purpose poly(N-vinyl-2-pyrrolidone) 
was used to functionalise graphene sheets via hydrophobic interactions, to prevent 
aggregation in solution (Yoon and In, 2011). Hydrophobic interactions was also 
applied for binding triblock polymer (PEO-b-PPO-b-PEO) to graphene sheets, where 
in, hydrophobic PPO bound to graphene provided dispersion and PEO was used to 
form supramolecular hydrogel with α-cyclodextrin, by entering the cavities of 
cyclodextrin. This hybrid was proposed to be an ideal candidate for drug delivery and 
controlled drug release system (Zu and Han, 2009). 
The backbone of graphene family comprises of aromatic rings that helps π-π 
interaction with potential applications for drug delivery, as they can assist in binding of 
water insoluble aromatic drugs and act as drug carriers. Small molecules such as 
pyrene derivates (Xu et al., 2008) and  tetracyanoquinodimethane anion (Hao et al., 
2008)  could be bound to graphene owing to physisorption onto their basal planes via 
π-π interaction and van der Waals interactions (Dreyer et al., 2010). DOX 
hydrochloride was bound by π-π interaction on GO sheets for controlled release and 
high loading of drug, which was characterised by electrochemistry (Yang et al., 2008). 
The basal plane of GO have unoxidised graphenic domains giving raise to 
hydrophobic domains, assisting in hydrophobic interactions. Also, the edges of GO 
have negatively charged pH dependent groups assisting in electrostatic interaction; 
these interactions were used to bind horse radish peroxidase (Zhang et al., 2010c) 
and oxalate oxidase (Zhang et al., 2012b) respectively to GO sheets, to demonstrate 
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GO as a matrix for enzyme immobilisation. With respect to other nanosheets, MoS2 
has been reported to be adhesive towards  aromatic and conjugated molecules via 
physisorption (Moses et al., 2009). Table 1.1 gives few example of hybrids fabricated 
with the assistance of these interactions. The basic difference between covalent and 
non-covalent interactions is the creation of defects on graphene sheet in the former 
case.  
 
Figure 1.10 Scheme for the synthesis of nanocarrier. (a) conjugation of chitosan with folic acid, (b) 
loading of graphene oxide with doxorubicin, and (c) encapsulation of graphene oxide loaded 
doxorubicin with folic acid conjugated chitosan. Adapted with permission (Depan 2011). Copyright © 
2011, Elsevier. 
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Table 1.1 Graphene functionalisation with various biomolecules. 
Interaction Force Molecule Application 
Covalent Amide bond Glucose oxidase (Liu et 
al., 2010b) 
Biosensor 
Covalent In situ ring-opening 
polymerization of 
glycidol 
Polyglycerol (Pham et 
al., 2010) 
Anchor for 
magnetic 
particles 
Covalent Amide bond Amine functionalised 
porphyrin (Xu et al., 
2008) 
Optoelectronic 
Devices 
Non 
covalent 
π-π stacking Porphyrin (Geng 
and Jung, 2010b) 
Highly 
conductive 
materials 
Non 
covalent 
π-π stacking SSDNA (Lv et al., 2010) Biosensor 
Non 
covalent 
π-π stacking SN38 (Liu et al., 2008) Drug delivery 
Non 
covalent 
π-π stacking and 
hydrophobic 
Doxorubicin (DOX) 
(Yang et al., 2008) and 
camptothecin (CPT) 
(Zhang et al., 2010d) 
Drug Delivery 
Non 
covalent 
Hydrophobic Horse radish peroxidase 
and oxalate oxidase 
(Zhang et al., 2010c) 
Enzyme 
immobilisation 
Non 
Covalent 
Electrostatic interaction Horse radish peroxidase 
(Zhang et al., 2010a) 
Enzyme 
immobilisation 
 Recent developments in 2D materials based bio-applications 
1.5.1  Biosensors 
Detection of biological molecules are of high importance from biomedical and 
environmental standpoint (Pumera, 2011),  which draws the attention towards 
biosensors. Biosensor is a device that can interact with an analyte and generate 
signals, to be perceived by a transducer and quantify it. The main concern for this is 
to bind molecules to substrate and yield signals that can be detected. There are 
different types of biosensors available for biomolecules which are classified according 
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to the principle used for detection. The major classification and the working principle 
with examples are explained below (Pumera, 2011). 
Graphene, due to its good electrical conductivity, ease of functionalisation and good 
electrochemical properties, has been used as an effective biosensor for detection of 
glucose oxidase (Liu et al., 2010b), NADH (Li et al., 2013), haemoglobin (Xu et al., 
2010), cytochrome c (Wu et al., 2010), HRP (Zhou et al., 2010) and so on. The major 
reason for using graphene is its high electron transfer (ET) rate due to the presence 
of oxygen functional groups (Kuila et al., 2011), making them highly sensitive and 
increasing feasibility of detecting molecules at very low concentration. When 
molecules are bound to graphene, ET rate is increased there by decreasing and 
increasing detection time and sensitivity, respectively. All this detection process 
generally work on the basis of binding a molecule to the surface of nanosheet that 
decreases the ET distance between the molecules and the electrode surface (Shao et 
al., 2010). These sensors could be used for both quantitative and qualitative analysis. 
On the other hand, graphene due to its 2D structure and the ability to recognize 
macromolecules, have been adopted for immunosensors that can help in point care 
diagnosis (Zhang et al., 2013). The basic strategy utilizes antigen-antibody recognition 
by binding molecules via hydrophobic interactions, hydrogen bonding or π-π stacking 
and subsequent detection by electrical or electrochemical properties of the sheets. For 
instance, an immunosensor for cancer biomarker (prostate specific antigen) was 
developed with the help of succinimidyl ester with a detection limit of 0.08 ng ml-1 
(Yang and Gong, 2010).  
Field effect transistor (FET) biosensor relies on the recognition of biomolecules at the 
FET gate (Ahn et al., 2010). Graphene being a zero gap semiconductor together with 
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ease of surface modification and tuneable band gap, makes it an ideal material 
(Wallace, 1947) for this application. They have been used extensively for DNA sensing 
as they have charged group present on its backbone that changes the electric charge 
distribution, thereby resulting in change in conductivity of the channel (Mohanty and 
Berry, 2008). Stine 2010 was able to detect single stranded (ss) DNA up to 10nM. 
There has also been much interest in use of graphene based FET immunosensors as 
they have femtomolar level protein detection limit (Kim et al., 2013). Micropatterned 
rGO FET displaying a p-type behaviour was fabricated with the help of lithography and 
reduction, which was used for real-time detection of rotavirus. The sensitivity was 
found to be better than conventional ELISA technique (Liu et al., 2013). Similarly, 
flexible fluidic HIV 2 antibody immunosensors have also been developed for improved 
device performances and high sensitivity (Kwon et al., 2013). 
The sensors based on sampling impedance of a system at the interface are known as 
impedimetric sensors (Katz and Willner, 2003), which are generally regarded as a bio-
recognition system. They have advantages such as sensitivity, require small potential 
for sensing; is a non-destructive method (Macdonald, 1987) and does not require any 
electroactive moieties in the biomolecule (Bonanni et al., 2012). Experiments for 
detection of DNA hybridisation and polymorphism using electrochemical impedance 
spectroscopy was first developed by Bonanni and Pumera (Bonanni and Pumera, 
2011), wherein single nucleotide polymorphism (SNP) responsible for Alzheimer’s 
disease was detected at picomolar level. The principle involved was partial release of 
hairpin DNA immobilised on graphene surface, due to hybridisation with SNP, thereby 
resulting in decrease in charge transfer resistance (Rct) value. Following this different 
protocols were developed for impedimetric sensing for DNA probes (Dubuisson et al., 
2011) and detection of DNA arrays (Gupta et al., 2013). Similarly, change in charge 
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and conformation upon DNA immobilisation and hybridisation with graphene sheets 
were used for detection of HIV-1 gene (Hu et al., 2011).  
Furthermore, this type of sensor has also been utilised for detection of trace amounts 
of pesticides, hormones, bacteria and many other chemicals (Daniels and Pourmand, 
2007). Detection system for sulphate reducing bacteria was fabricated with reduced 
graphene sheets/chitosan film, based on change in charge transfer resistance (Wan 
et al., 2011b, Qi et al., 2013). Recently, gold nanoparticles modified graphene paper 
were used for detection of E.coli O157:H7 based on impedimetric immunosensor with 
enhanced sensing performance, low detection limit and outstanding specificity (Wang 
et al., 2013). In this method, GO paper was reduced to prepare graphene film on which 
gold nanoparticles were grown by electrodeposition technique. E.coli O157:H7 
antibodies were immobilised via biotin-steptavidin system, and used to detect bacteria. 
On a similar note immunoglobulin G immunosensor was developed with chemically 
modified graphene. The detection was based on changes in impedance spectra of 
redox probe after binding of IgG to its antibody (Loo et al., 2012). 
Another kind of biosensor is FRET biosensor that is associated with energy transfer 
between a donor and acceptor molecule that was utilised to probe biological molecules 
(Ha et al., 1996). Biosensors based on this phenomenon are based on either decrease 
(quench) or increase (enhance) of fluorescence emitted by molecules. Graphene has 
been observed to have excellent quenching properties towards various dyes (Ma et 
al., 2013). It is also known that graphene shows specificity towards ssDNA through 
non-covalent interaction (Husale et al., 2010), the above two properties were used as 
blue print to design a FRET biosensor for selective detection of biomolecules (Lu et 
al., 2009). The principle involved binding of dye-labelled ssDNA to graphene that 
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quenches fluorescence of the dye by 97 %, but when the labelled ssDNA binds to its 
complimentary target molecule, dye labelled DNA is released and hence fluorescence 
is mended back (figure 1.11) (Wang et al., 2011b). Similar FRET sensors was 
fabricated for detection of DNA with various detection limits (Liu et al., 2010a). FRET 
immunosensors was also developed for pathogen detection, in which, antibodies for 
rotavirus were immobilised on GO sheet via covalent interaction (carbodiimide 
assisted amidation reaction), which were captured by specific antigens and detected 
by fluorescence quenching of GO (Jung et al., 2010).  
 
Figure 1.11 Principles of graphene-based FRET biosensors. ssDNA, aptamers and MBs can be adsorbed 
onto the surfaces of graphene or graphene derivates (which also possess a planar surface and 2D 
structure). Fluorophore labels on the ends of probes are quenched rapidly when adsorbed onto the 
graphene surface. When analytes (e.g. cDNA, thrombin and a designed complementary ssDNA or 
functional NAs like survivin mRNA) are introduced into the systems and bind their probes (ssDNA, 
aptamer and MB, respectively), the probe fluorescence is recovered, thus allowing detection. 
Conversely, dsDNA remains fluorescent before an enzyme (e.g. helicase) is introduced; ssDNA is then 
released, and fluorophore on the ssDNA is quenched by graphene-based nanomaterials. Reprinted from 
[84], with permission from Elsevier. 
MoS2 has also been used for binding of dye labelled ssDNA via van der Waals forces 
between the basal planes of MoS2 and nucleobases. Upon hybridising with the 
complimentary DNA they form dsDNA that interacts weakly with MoS2, hence, 
fluorescence is observed assisting in quantitative readout of target DNA (Zhu et al., 
2013).  
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1.5.2  Bioimaging  
From the diagnostic point of view, image guided drug delivery system can be a boon 
for biomedical applications. To study the uptake of drug molecules it is necessary to 
have a marker attached to the drug that could be utilised for imaging. GO due to its 
biocompatibility, cellular uptake, chemical modifications and photoluminescence at 
near infra-red region serves as a probe for bioimaging (Yang et al., 2013). PEG-GO 
was shown to improve the solubility of GO in biological solution, which could be bound 
with drug molecules via π-π interaction and detected, when excited by infra-red light, 
to study the uptake of drug in vivo.  
When size of a semiconductor is reduced to nanometre scale, it results in quantum 
confinement which can be applied for bio-imaging applications (Yan et al., 2012), 
which applies for graphene, being a semiconductor. Many research groups have 
fabricated graphene quantum dots (GQD’s) (Tetsuka et al., 2012, Pan et al., 2010) 
and used for photoluminescence. Depending on the reaction temperature while acid 
treatment blue, green or yellow GQD’s can be synthesised (Peng et al., 2012).  
Researchers, chose green luminescent GQD’s to visualise the phase contrast image 
for human cancer cell lines (T47D) cells, by incubating them with T47D cells and 
nucleus stained with blue colour. This images showed evidence for using GQD’s as 
high contrast imaging probes. Following the footsteps, Dong 2012, incubated green 
GQD’s with human breast cancer MCF-7 cells for 4 hours and for the first time 
observed that GQD’s could label cell nucleus (Dong et al., 2012). On the other hand, 
GQD’s are biocompatible, research groups have shown that stem cells can be labelled 
with GQD’s with little cytotoxicity, but when labelled by semiconductor QD’s like CdS 
nanoparticles, the cells died, indicating low cytotoxicity and stable photo stability 
(Zhang et al., 2012a) of GQD’s with respect to semiconductor QD’s. Besides photo 
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luminescent applications, GO has also been used for the purpose of magnetic 
resonance imaging (MRI) and positron emission tomography (PET) techniques. For 
the former case GO-Fe3O4 conjugate was internalised in Hela cells, as GO is bestowed 
with biocompatibility and physiological stability. Due to decrease in local 
inhomogeneity GO-Fe3O4 conjugate resulted in enhanced cellular imaging than 
isolated Fe3O4 nanoparticles (Chen et al., 2011).  For latter case, GO was conjugated 
with TRC105 labelled with 64Cu (Hong et al., 2012) and reported to open up  new 
avenues for image guided drug delivery and cancer therapy.  In another instance, 
TRC105 was covalently bound to GO targeting CD105 (vascular marker for tumour 
angiogenesis), enabling imaging using radiolabelled GO which accumulated in 4T1 
murine breast cells, instantaneously. Molecular probing of ATP in mouse epithelial 
cells was also demonstrated with the help of aptamer-FAM/GO nanosheets, 
showcasing GO as a carrier of DNA aptamers (figure 1.12), thus protecting 
oligonucleotides from enzymatic cleavage and serving as a real time sensing platform 
(Wang et al., 2010b).  
 
Figure 1.12 Schematic illustration of in situ molecular probing in living cells by using aptamer/GO-nS 
nanocomplex. Adapted with permission (Wang 2010b). Copyright © 2010, American Chemical 
Society. 
1.5.3  Oligonucleotide and drug delivery vehicles 
Graphene sheets due to high surface area and low toxicity have been considered as 
delivery vehicle for genes, siRNA and drugs. Graphene is known to bind with ss DNA 
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with a stronger interaction than ds DNA and prevents enzymatic cleavage due to the 
presence of negatively charged groups hindering the nuclease activity. These features 
could be exploited to deliver genes and develop non-viral based gene therapy. 
Researchers have shown effective loading of plasmid DNA (pDNA) on graphene which 
acts as a 2D nano-vector. Graphene bound with PEI polymers introduced positively 
charged groups assisting in binding of pDNA (Feng et al., 2011). They have also been 
studied for delivery of DNA to HeLa cells by molecular beacons (MB) as shown in 
figure 1.13 (Lu et al., 2010). This could be idle for genetic engineering, as GO apart 
from preventing enzymatic cleavage has lower toxicity than SWCNT’s and higher 
transfection efficiency. Other examples involve delivery vehicle for ribonucleic acid 
interface and antisense therapies, which are powerful tool for cancer therapy and 
acquired immunodeficiency syndrome (Zhang et al., 2013), as it requires a platform 
for delivery without enzymatic cleavage, which is possible with help of graphene. For 
drug delivery systems non-covalent interactions provides lot of advantages over 
covalent interaction (Doane and Burda, 2012). Firstly, non-covalent interaction does 
not require any modification of the drug; thereby it doesn’t change any intrinsic 
property of drugs. Secondly, optimising the binding for one drug could be extrapolated 
to other drugs with same properties. Thirdly, the release of drugs could be assisted 
with the change in surrounding environment (pH, temperature, hydrophobicity) rather 
than use of external stimuli. Aromatic drug molecule, camptothecin, (CPT) which is not 
water soluble needs a delivery vehicle for its transport into the cells, which can be 
achieved by PEI grafted GO. PEI-GO was also used to deliver siRNA and DOX drug 
to cancer cells simultaneously, in which, PEI provides cationic groups, increases 
solubility in biological solutions (Liu et al., 2008), helps binding of siRNA through 
electrostatic interaction and drug is loaded on GO via π-π stacking. This facilitates a 
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synergistic effect that enhances chemotherapy efficacy (Zhang et al., 2011a). In 
another instance, a comparative study for DOX delivery was carried out using NGO-
PEG-Rituxan/DOX, free DOX and NGO-PEG/DOX on Raji-B cells and was observed 
that the first bioconjugate performed better for DOX delivery than the latter two (Sun 
et al., 2008).  
 
Figure 1.13 Schematic representation of NGO delivery of MB into HeLa cells to detect survivin mRNA.  
Adapted with permission (Lu 2010). Copyright © 2010, American Chemical Society. 
Targeted delivery of drugs has also been studied by functionalising GO with folic acid 
(FA) molecules for recognition by folate receptors, and binding with DOX and CPT via 
π-π stacking (Zhang et al., 2010d). Similarly, thiolated rituxan was conjugated onto 
NGO-PEG through amine groups present on them and used for targeted eradication 
of cancer cells (Sun et al., 2008). These studies show promising results for using 
graphene in the field of biomedicine.  
1.5.4  Cancer phototherapies  
Cancer related diseases are one of the growing causes of death in the present day 
scenario. Currently available techniques for cancer treatment includes, chemotherapy 
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and radiation therapy which results in various side effects, as apart from effecting the 
cancerous cells, normal cells are effected too. To reduce its side effects, targeted 
therapy is required that have less side effects. PEG-GO is known to have strong 
absorption at near-infrared (Worle-Knirsch et al., 2006) and can also bind drug 
molecules via π-π interaction. It can also be internalised by the cells and get deposited 
on tumors of mouse model. When they are irradiated at 808 nm wavelength, 
temperature increases and tumor ablation takes place (Yang et al., 2010b). Studies 
conducted by other group shows, GO functionalised with FA/Ce6 can be used for 
photoablation of cancer cells (Peng Huang et al., 2011). On the other hand, MoS2 
when chemically exfoliated shows absorbance at the near infra-red region useful for 
photothermal therapy of cancer. Together with above advantages they also possess 
high drug loading capacity equivalent to GO (Chou et al., 2013b).  
Synergistic effects of photothermal therapy and drug delivery system have been 
studied for improved cancer therapy (Zhang et al., 2011c). PEG-GO bound with DOX 
were used for this purpose, where in, DOX provided the chemotherapeutics and PEG-
GO provided photothermal therapy when exposed to near infra-red region. In case of 
nano GO (NGO), they have been shown to intercalate in between the dsDNA, in a 
mechanism similar to planar aromatics intercalation in DNA. In the presence of Cu2+ 
ions bound to the COOH groups of GO, together with the planar structure of GO, 
catalysing oxidative cleavage of DNA double helix is possible as shown in figure 1.14, 
thus, opening up a new class of chemotherapeutic agents (Ren et al., 2010). 
Enzyme Architectonics on Graphene Oxides 
38 
 
 
Figure 1.14 DNA cleavage system of nanosized graphene oxide sheets and copper ions. Adapted with 
permission (Ren 2010). Copyright © 2010, American Chemical Society. 
1.5.5  Cell growth and tissue engineering 
There has been an increasing demand to provide with cells or tissues, useful for 
replacing or restoring a tissue function (Langer and Vacanti, 1993). But due to 
limitation in scaffolds required for this purpose, progression in this field is slow 
(Williams et al., 1999). It requires a scaffold that provides a medium for growth of cells 
and prevents them from being rejected during transplantation. 3D scaffolds have 
problems associated with mechanical properties, electrical conductivity, adhesive 
forces, and lack of adherence to cells in 3D matrix (Dvir et al., 2011). These could be 
overcome with the help of graphene which has been studied for its cell adhesion 
properties and also can be bound with immunosuppressive drugs, helping to prevent 
rejection by the body. Other than the above equity, graphene have high elasticity, 
flexibility and can adapt to irregular surfaces (Lee et al., 2008, Chen et al., 2008a, Lee 
Enzyme Architectonics on Graphene Oxides 
39 
 
et al., 2010), thereby fulfilling the requirements for scaffolds in tissue engineering. 
Chitosan which is known to enhance bone formation (Di Martino et al., 2005) was 
reinforced with GO (Fan et al., 2010) to improve its mechanical properties by amide 
bond formation. This also helped in maintenance of chitosan under harsh pH 
conditions, retaining its shape and size; and lower degradation rate. Also, researchers 
have shown keen interest to study graphene as a substrate for cell growth. Graphene 
was shown to prevent growth of prokaryotic cells due to the presence of free electron, 
without affecting growth of eukaryotic cells and hence increasing wound healing rate 
(Lu et al., 2012). Graphene paper was also reported as an antibacterial agent (Hu et 
al., 2010) shows high potential for clinical purposes. In one of the studies, GO and 
reduced GO (RGO) nanowalls were compared for proliferation of E.coli, revealed 
growth inhibition of bacteria due to the sharp edges present on them, breaking up the 
cell membrane, and showed RGO nanowalls to be more effective for this system due 
to better charge transfer ratio (Akhavan and Ghaderi, 2010). Apart from them, 
graphene has also been studied for stem cell differentiation. There is search for stable 
platforms that could be used for stem cell delivery, with capabilities for in vivo implant 
technology (Jung et al., 2001). Studies conducted to back up the notion for using 
graphene as platform for stem cell differentiation, revealed it to serve as cell adhesion 
layer with electrical stimulation for cell differentiation (Park et al., 2011). The 
differentiation inductions differ on graphene and GO due to their surface chemistry 
that could be controlled (Lee et al., 2011b).   
In addition, to the above properties, graphene could be functionalised with proteins 
with potential applications for tissue engineering (Goenka et al., 2014). Patterning of 
above structures has been carried out at microscale (Kodali et al., 2010) and 
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nanoscale level with the latter one termed as DNA origami structures (Yun et al., 
2012). 
 Immobilisation of proteins 
Enzymes are group of large biological molecules that act as catalyst (Cooper, 2000) 
for various metabolic processes. They are sensitive, unstable and lack re-usability 
preventing its use for industrial applications (Sheldon, 2007, Garcia-Galan et al., 
2011). Immobilisation is one of the techniques that can help in overcoming these 
issues. The driving forces for enzyme immobilisation are (Liese and Hilterhaus, 2013) 
a) to improve stability, b) to increase volume specific biocatalyst loading and c) to 
simplify recycling and downstream processing. There has been many approaches 
developed so far are discussed as below (Hanefeld et al., 2009). 
1.6.1  Non-Covalent adsorption  
The driving forces for these interactions are van der Waals interaction and hydrogen 
bonds. Immobilisation by this interaction has been shown useful in non-aqueous 
systems (Tischer and Kasche, 1999). Van der Waals interactions mostly occurs in 
case of enzymes that are immobilised on hydrophobic carrier. The major requirement 
is the presence of lipophilic surfaces on both carrier and enzyme. These kinds of forces 
are weak for the enzymes to be kept bound to the carrier. Lipases has been 
immobilised on to many hydrophobic supports like accurel (Nakaoki et al., 2005) and 
macroporous polymer based on methyl and butyl methacrylic esters cross-linked with 
divinylbenzene (Rotticci et al., 2000). Also, surfaces of enzymes are known to 
comprise of hydrophilic amino acid residues which could be glycosylated, thus, 
assisting in hydrogen bond formation with hydrophilic carriers like cellulose, lignine, 
silica gel etc (Mateo et al., 2007, Cao and Schmid, 2006). Ionic interaction is yet 
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another form of non-covalent interaction, which is pH dependent. pH influences the 
isoelectric point which in turn effects the surface charge on the enzymes (Yiu and 
Wright, 2005). Most of the enzymes have an isoelectric point (pI), above which they 
carry a net positive charge and below pI they have negative charge. Control of the 
surface charge with the help of pH assists in immobilisation of enzymes on an ion 
exchanger such as carboxylate (negatively charged) or protonated amino groups 
(positively charged). Mesoporous silicates synthesised from silanes, was tailored with 
surface charge depending on the silane precursor facilitating functional group binding 
(Wan and Zhao, 2007). Many enzymes like trypsin (Hudson et al., 2005) and 
cytochrome c onto these supports was studied.  Studies have also been conducted on 
synergistic approach, in which both hydrophobic and charge based immobilisation has 
been carried out. Lactate dehydrogenase, DNase, alkaline phosphatase and urease 
was immobilised to agarose substituted with n-butylamine or n-octylamine. This 
binding allowed continuous columnar product conversion for considerable amount of 
time (Hofstee, 1973a, Hofstee, 1973b). One of the major disadvantages of this 
technique is leaching process, since enzymes can be washed off from the carrier. 
1.6.2  Covalent adsorption 
Multiple covalent bonds between the carrier and the enzyme are the driving force for 
this type of immobilisation. It is most commonly used in aqueous systems in which 
denaturation of enzymes is possible. Most common functional groups employed for 
covalent adsorption are amino (figure 1.15 a) (Hanefeld et al., 2009), epoxy (figure 
1.15 b) (Berger and Faber, 1991) and thiol groups. The principle behind amine group 
binding is via pre-activation with glutaraldehyde, which forms an imino bond via 
nucleophilic attack on the primary amine. Epoxy groups also assist in nucleophilic 
attack resulting in opening up of the epoxy ring (Cantone et al., 2013). Epoxy activated 
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resin was shown to prevent Candida rugosa lipase from deactivation by acetaldehyde 
which is released as a side product when vinyl acetate being used as an acyl donor 
for catalysing acylation of alcohols. 
 
(a) 
 
(b) 
Figure 1.15 Covalent adsorption of lipase.  (a) amine group bond formation (Hanefeld et al., 2009) and 
(b) epoxy group preventing lipase from acetaldehyde induced deactivation (Berger and Faber, 1991). 
The major disadvantage of this system is the permanent conformational changes 
taking place in the enzymes, once the enzyme is deactivated both enzyme and carrier 
are unusable hence increasing the cost factor (Sheldon and van Pelt, 2013). 
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1.6.3  Cross linking 
Cross linking enzyme crystals (CLEC) adopts a bifunctional reagent glutaraldehyde to 
cross link the enzymes and crystallise them, the only requirement being the enzymes 
should be crystallisable. It was first commercialised in 1990’s (Margolin and Navia, 
2001).  This method is not currently bring adopted and focus has shifted on to cross 
linked enzyme aggregates, which basically involves both purification and 
immobilisation of enzymes from fermentation broth in a single step. It involves addition 
of precipitates like acetone, ammonium sulphate or ethanol which forms diimide bonds 
with glutaraldehyde. Figure 1.16 shows the schematic representation of cross linking 
of enzymes (Fazary et al., 2009). These are termed as cross linked enzyme 
aggregates (CLEA) (Sheldon, 2011, Sheldon, 2010). 
 
Figure 1.16 Schematic representation for cross linking of enzymes (Fazary et al., 2009). 
There has been much interest in this immobilisation technique as a carrier  is not 
required that may be expensive (Jegan Roy and Emilia Abraham, 2004). They could 
be easily prepared and exhibits improved stability and prevents leaching. Burkholderia 
cepacia  lipase has been cross linked with bovine serum albumin protecting the 
enzyme from dextrin (Hara et al., 2008). Lack of complete precipitation of enzymes 
could was a major drawback of this technique. Both the techniques could result in 
decrease in enzyme activity due to multiple layer formation of enzymes on top of each 
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other which prevents the substrate in getting access to the enzymes at the core of the 
aggregation product. The activity limiting factor often possesses limitation for using 
cross linking as an effective method for immobilisation. 
1.6.4  Entrapment 
This is the most effective technique to prevent any conformational changes to the 
enzyme. Enzymes basically get trapped inside the carrier rather than being bound to 
the carrier. Most of the encapsulation is carried out either on sol-gel (Avnir et al., 2006) 
or on hydrogels (Groger et al., 2001). Synthesis of these entrapment matrix is very 
critical and acts as a decisive factor in determining the activity of the enzyme. Sol-gels 
were prepared by tetraalkoxysilane which is hydrolysed by acid or base (Brinker and 
Scherer, 1990). They could be further tailored by varying the alkene group associated 
with the sol gel preparation. It was shown that entrapment of lipase in sol-gel with 
increased hydrophobicity owing to the alkene group present have more activity (Reetz 
et al., 1995) than the non-encapsulated enzymes in esterification of lauric acid with 1-
octanol. Lipases such as Candida antartica and Burkholderia cepacia was entrapped 
onto silica aerogels to improve their mechanical properties (Orçaire et al., 2006). 
Hydrogels was also used to entrap pharmaceutically active proteins lysozyme, based 
on oppositely charged dextran microspheres with complete preservation of enzymatic 
activity (Van Tomme et al., 2005).  
The major drawbacks of this system are, ease of enzyme leakage, loss in activity and 
denaturation of enzymes due to free radicals (Scouten et al., 1995). Table 1.2 
showcases the advantages, disadvantages and factors necessary for immobilisation 
methods (Hanefeld et al., 2009, Scouten et al., 1995).  
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Table 1.2 Comparison between various immobilisation techniques.(Scouten et al., 1995, Hanefeld et 
al., 2009). 
Immobilisation 
Method 
Factors to be taken 
into account 
Advantages Disadvantages 
Covalent Location of the 
residues necessary 
for linking pH of 
immobilisation 
suitable for 
nucleophilic attack 
Stable enzyme 
support 
complex, ideal 
for mass 
production and 
leakage is 
minimum 
Time consuming 
and complicated, 
possible loss in 
activity due to 
reactions which 
involves groups 
necessary for 
activity 
Non-covalent 
x Ionic 
 
 
 
 
x Hydrophobic 
Carrier 
 
 
 
x Hydrophilic 
Carrier 
 
pI of the enzyme 
Charged residues 
(type and 
density) on the 
enzyme surface pH 
and ionic strength of 
immobilisation buffer  
Presence of 
hydrophobic regions 
on enzyme Ionic 
strength of the 
immobilisation buffer 
to favour protein 
adsorption 
Presence of 
hydrophilic regions 
on 
enzyme/glycosylation 
 
 
 
 
 
 
Simple, Mild 
conditions, less 
disruptive to 
protein 
 
 
 
 
 
 
Leakages are 
highly dependent 
on pH, solvent 
and temperature; 
insensitive 
Cross linking Conformational 
flexibility required by 
the catalytic 
mechanism 
Simple 
procedure, 
strong chemical 
binding, 
stabilises 
physically 
adsorbed 
proteins 
covalently 
Requires  large 
amount of 
substrate, protein 
layer has a 
gelatinous layer 
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bound to 
support 
Encapsulation Size of the enzyme 
Synthesis conditions 
for the polymer 
Universal for 
any enzyme, 
mild procedure 
Large diffusional 
barriers, loss of 
activity by 
leakage, possible 
denaturation 
 2D material for immobilisation 
Currently, new materials are being studied for immobilisation of proteins or enzymes 
to overcome the disadvantages discussed in table 1.2. Even though many 
immobilisation techniques have been used, there are still certain factors that needs to 
be considered, to increase the productivity. Herein, the 2D materials gain importance 
due to their: 
x High surface area- maximum adsorption of proteins/enzymes. 
x Stability- providing thermal and mechanical stability for industrial applications.
x Diffusion limitation- provides maximum access for the substrate to the active 
site. 
x Flat surface- all the immobilised proteins will be on the surface of the carrier, 
thereby having maximum activity. 
x Functional groups- suitable to provide tailored surfaces for immobilisation as 
per needs. 
Graphene related materials are at the forefront for immobilisation of proteins and it has 
been demonstrated that individual GO sheets could serve as an ideal substrate for 
immobilisation. This immobilisation can be carried out using covalent interactions by 
epoxy, hydroxyl and carboxyl functional groups and via non-covalent interactions 
including electrostatic, π-π interactions and hydrophobic interactions. This interactions 
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with enzyme molecules is an decisive factor for conformation of the enzymes and the 
catalytic activity (Vertegel et al., 2004). Horse radish peroxidase (HRP) and lysozyme 
molecules have already been immobilised on GO by non-covalent interactions, which 
was visualised under AFM. This hybrid material also showcased good catalytic activity 
(Zhang et al., 2010c). Since GO and enzymes surface charge could be controlled with 
the help of pH, enzymes could be bound to GO via electrostatic interactions. Use of 
hydrophobic interactions for immobilisation of proteins was showcased in case of HRP 
and oxalate oxidase as model enzymes, by immobilising them onto hydrophobicity 
controlled GO sheets (Zhang et al., 2012b). This interactions was also utilised for 
immobilising heparin onto graphene sheets (Lee et al., 2011a). The strong interaction 
between graphene sheets and proteins through non-covalent chemistry has also been 
used for synthesising graphene. For example, hydrophobins (HFBI) was used to 
exfoliate graphene coated with hydrophobins, due to the lowering of surface energy of 
graphite, favouring exfoliation of graphene sheets into water (Laaksonen et al., 2010).  
π-π interactions of HP35’s onto graphene sheets was studied by molecular dynamics 
simulation, and it was observed that soft GO surface facilitates protein to bind to its 
surface by adapting its own shape (Zuo et al., 2011) that could be compared to protein 
molecules interactions with CNTs (Karajanagi et al., 2004). Figure 1.17 shows the 
hydrophobic (top) and π-π interaction (bottom) of hydrophobins and HP35 onto 
graphene sheets, respectively.  
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Figure 1.17 Hydrophobic interaction of protein with graphene. Hydrophobic interaction used for 
graphene synthesis (Laaksonen et al., 2010) (top) and self- assembly of HP35 onto GO sheet by adapting 
its own shape (Zuo et al., 2011). 
Taking into account various functional groups present on GO, they could also serve 
as an ideal sites for immobilisation. Many proteins like alkaline protease (Su et al., 
2012) and trypsin (Xu et al., 2012) (figure 1.18 top) has been immobilised onto 
graphene. These were achieved by linker molecules glutaraldehyde and polylysine 
with PEG-diglycolic acid, respectively. Direct immobilisation onto GO sheets without 
the help of cross linker was also carried out for bovine serum albumin which was bound 
with the help of diimide-activated amidation reaction of amine group on BSA with 
carboxyl group on GO (Shen et al., 2010) (figure 1.18 bottom).   
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Figure 1.18 Schematic representation for binding enzymes to graphene via covalent chemistry. Trypsin 
(Xu et al., 2012) (top) and BSA (Shen et al., 2010) (bottom) binding to GO sheets via covalent 
chemistry.  
Even though there has been a fair bit of research carried out for immobilisation of 
protein onto 2D sheets, it is still in its infancy and has not been completely understood 
as its counterpart traditional immobilisation techniques.  
 Conclusion 
From the literature review, it is clear that graphene is the new 2D material which has 
great prospectus with respect to study of enzymes activity including single molecular 
level interactions. It explains how graphene can form as a suitable platform for binding 
enzymes and proteins through various covalent and non-covalent interactions. The 
various applications of graphene in the field of biology has been studied 
systematically, together with different techniques available for enzyme/protein 
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immobilisation. Graphene can be tailored to our needs by tuning its surface that is rich 
with both hydrophilic and hydrophobic groups, which could be further used to study 
interactions with enzymes and the associated effect on its activity. Apart from this GO 
can also act as surfactant which could play a major role in enzyme immobilisation. 
Therefore, graphene and its derivatives provide an ideal substrate for immobilisation 
of proteins/enzymes has to be studied in detail and forms the main focus of this thesis. 
 Objective of the thesis  
The research carried out in this thesis sheds light upon the use of graphene and its 
derivatives for enzyme immobilisation. This has been carried out by tuning the surface 
of graphene oxide to different levels of hydrophobicity which are used for binding 
enzymes and studied for conformational and activity changes. This has been carried 
out for enzymes like lipases, horse radish peroxidases (HRP) and glucose oxidase 
(GOD) and microperoxidase 11 (MP-11). This thesis focuses on the following areas: 
Chapter 2. Immobilisation of lipases on graphene oxides. This work was aimed at 
studying the effect of hydrophobicity/hydrophillicity surfaces on opening up of the 
lipase lid and their effect on its activity. Lipases were immobilised on different surfaces 
and studied for conformational changes and its effect on hydrolysing substrates. 
Molecular dynamics (MD) studies was also carried out to have a deep understanding 
of the interaction of lipases with this surfaces.  
Chapter 3. AFM studies for lipases on different surfaces. This work focuses on the 
use of AFM for studying the effect of immobilisation of lipases on different hydrophobic 
surfaces. Quantitative measurements were undertaken for studying the effect of 
immobilisation via height measurements and deformation mapping. 
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Chapter 4. Graphene nano scissors to dissociate lipase dimers. This work was a 
proof of concept study to use nano graphene to dissociate lipase dimer which are 
formed due to hydrophobic interactions. Gel filtration was carried out for studying the 
dissociation together with investigating the effect of nano graphene on temperature 
mediated aggregation of lipases. 
Chapter 5. Graphene based electroactive multilayer proteins. This work focuses 
on using chemically converted graphene (CCG) for fabrication of multilayer 
electroactive protein with high protein coverage. MD studies was carried out to 
understand the binding of MP-11 enzyme on the CCG sheets. This system was further 
studied for hydrogen peroxide detection.  
Chapter 6. Enzyme architectures on graphene oxides for substrate channelling. 
This work focuses on immobilisation of two different enzymes on different 
hydrophobic/hydrophilic surfaces namely, HRP and GOD, which could be used to 
attain perfect substrate channelling. The study also focuses on the effect of 
immobilising enzymes separately and co-immobilisation to study its effect on substrate 
channelling for enzyme cascade reactions. 
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Chapter 2: Opening lids up: Modulation of Lipase 
Immobilisation by Graphene Oxides 
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 Introduction 
Lipases are a family of enzymes that under natural conditions hydrolyse carboxylic 
ester bonds in hydrophobic compounds such as triglycerides and  are important for 
biotechnological applications (Hasan et al., 2006). Immobilised lipases are used 
commercially for an array of large-scale biocatalyst conditions and catalyse 
applications, because they can yield both improved product quality and lower 
processing costs, along with the ability to recover and re-use the enzyme. However, 
the detailed molecular and physico–chemical basis for the modified functionality of 
immobilised lipases has not been elucidated. Most lipases that undergo interfacial 
activation need to face a hydrophobic interface to adopt an open/active conformation 
(Hanefeld et al., 2009). In general, lipases are known to have a helical oligopeptide 
unit (Reetz, 2002) that acts as a shield and prevents access to the underlying active 
site. This unit is commonly referred as a lid that undergoes conformational changes in 
the presence of hydrophobic surfaces, causing the lid to open thereby making the 
active site accessible (Adlercreutz, 2013). Triglyceride lipases have been shown to 
open their lids in response to hydrophobic surfaces (Derewenda et al., 1992). Although 
dramatic activation effects have been demonstrated following the adsorption on 
hydrophobic supports and treatment with surfactants, it has not been convincingly 
shown that maximal activation has been achieved (Hanefeld et al., 2009). Therefore, 
further research is required to develop improved immobilisation methods, enabling full 
lipase activation to be achieved.  
GO sheet consists of both aromatic, nonpolar domains and oxygenated polar domains, 
reminiscent of a conventional block copolymer. The hydrophilic edges have negatively 
charged carboxyl groups that have already been demonstrated for binding horse 
Enzyme Architectonics on Graphene Oxides 
54 
 
radish peroxidase via electrostatic interaction (Zhang et al., 2010c). On the other hand, 
the hydrophobic centre could also assist in non-covalent binding of enzymes (Zhang 
et al., 2012b), which eliminates the need for chemical modification of the enzyme for 
binding. Thus, GO, also known to act as surfactants (Cote et al., 2011), could be 
potentially used as a platform to immobilise lipases and to explore the mechanisms of 
lipase’s lid-opening, as surfactants are known to activate lipases by facilitating the lid 
opening (Huang et al., 1998). The strength, controllable surface chemistry, high 
specific surface areas (Zhou et al., 2010), as well as scalable methods of manufacture 
of graphene oxide (GO) make it ideal for immobilising lipases. 
The idea of using GO as both a large surface area matrix and a molecular binder for 
biomolecular interactions is novel. Dispersed graphene sheets, as a modulator for 
biomolecules, can interact with a wide range of active bio-macromolecules, such as 
proteins (Macindoe et al., 2012). According to a recent study (Jin et al., 2012), GO can 
have a profound effect on the bioactivity of proteins while interfacing them in solution. 
Conducted by Dravid and co-workers, the study with  α-Chymotypsin (ChT) as a model 
protein demonstrated the capability of GO as an ChT inhibitor (De et al., 2011). In 
contrast, later research showed that PEG-functionalised GO could selectively improve 
the bioactivity of trypsin (Jin et al., 2012).  Although the underlying molecular 
mechanism behind these seemingly contradictory phenomena is unclear, these 
studies indicate that dispersed GO can be utilised as a potential mediator to modulate 
the bioactivity of bio-macromolecules. The versatile macromolecular interactions 
between GO and bio-macromolecules that comprehensively involves their surface 
chemistry, structures and nano-interfaces, highlights the scientific, practical 
importance and impact they could have in a range of areas in biotechnology, 
particularly in protein engineering. We can exploit such interactions to create new 
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hybrid structures and functions on one hand, and to discover new biomolecular folding 
patterns on the other.  
Furthermore, heterogeneous catalysts have been demonstrated with entrapment of 
lipases in hydrophobic sol-gel materials (Reetz et al., 1995). Enzyme based 
heterogeneous catalysts are outstanding candidates, but not much work has been 
done due to the high cost of materials and slow kinetics as a result of lower diffusion 
rates (Brun et al., 2010). Lipases are known to perform better in the presence of water 
(Halling, 2004), as it acts as a lubricant. Graphene oxide with an interlayer of water 
molecules, could be used for lipase immobilisation and its flat plate-like structure could 
be utilised to fabricate multilayered protein papers. In this manuscript, we utilised the 
structure capability of graphene to design and build a new class of hybrid bio-catalytic 
nano-materials with a molecular level control over the opening and closing of the lid  
by regulating the degree of hydrophobicity/hydrophillicity of GO. A key innovation is 
that through a novel design and regulation of the GO reduction -- based on a better 
understanding of the molecular mechanism from large scale simulations, a maximal 
activation of lipase biocatalyses has been demonstrated.  
 Materials and methods 
2.2.1  Synthesis of GO and CRGO 
GO was synthesised using a modified hummer’s method (Gilje et al., 2007) with 
graphite flakes (Sigma-Aldrich Pty. Ltd.) as starting material. In a typical reaction, 
graphite flakes was initially oxidised with H2SO4 (Merck, 98% conc.) and ultrasonicated 
(VWR industries, water bath sonicator GRANXUBA3). The solution was dried at 70 ̊C 
in a hot air oven and exfoliated with the help of H2SO4, KMnO4 and H2O2 (Sigma-
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Aldrich 30%). The resulting solution was ultrasonicated for 2 hours and washed with 
1:10 HCl (Chem Supply, 32% w/w) and distilled water until the pH reached 7.   
Chemically reduced GO (CRGO) was synthesised using a literature method (Zhang 
et al., 2010b), by reduction of GO via L-ascorbic acid (reagent grade, Sigma-Aldrich). 
As prepared GO (10 ml, 1 mg/ml) was sonicated for 15 minutes and reduced using L-
ascorbic acid (100 mg) under continuous stirring for different time intervals. The 
reaction was stopped by washing the solution three times with dH2O and centrifuging 
(Eppendorf centrifuge 5810R) at 11,000 rpm for 15 minutes. The resulting CRGO 
solution was adjusted to pH 7 using freshly prepared PBS buffer (pH 7.0) and used as 
such. 
2.2.2  Enzyme immobilisation 
0.5 ml of QLM (10 mg/ml) unless specified, was immobilised onto 1.5 ml of graphene. 
The resulting solution was stirred for one hour and incubated overnight at 4 ̊ C. This 
solution was diluted appropriately for circular dichroism (CD), zetasiser and AFM 
analysis.  
2.2.3  Enzyme hydrolysis  
2.2.3.1   pNPP test 
This test was performed by colorimetric method as reported earlier (Winkler and 
Stuckmann, 1979). Briefly, 20 mM p nitrophenyl palmitate (pNPP) (Sigma Aldrich) 
solution was made in isopropanol. This solution was diluted to 0.4 mM pNPP in PBS 
buffer (50 mM, pH 7.0), containing 0.4 wt% triton X-100 (Sigma Aldrich). 3 ml of the 
solution was pre incubated at 50°C for 5 minutes, before the immobilised lipase was 
added to initiate the reaction. The reaction was carried out for 20 minutes by incubating 
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in water bath at 50°C. The solution was then stored at -20°C for 10 minutes before the 
absorbance was recorded at 410 nm. 
2.2.3.2   Hydrolysis of canola oil 
Hydrolysis was carried out following a previously reported method (Akanbi et al., 2013) 
with some modifications. Unless otherwise stated, 200 mg of canola oil in 50 mM PBS 
buffer with gum arabic was stirred at 50°C for 30 minutes. To this, 1 ml of lipase 
immobilised graphene was placed in a glass bottle and the mixture was flushed with 
nitrogen. The reaction mixture at pH 7.0 was incubated at 50°C for 30 mins, or as 
required, with magnetic stirring at 500 rpm. The products of hydrolysis were obtained 
using solvent extraction and the enzymes’ activities were based on the liberated lipid 
classes; mainly free fatty acids (FFA), diacylglycerol (DAG) and monoacyglycerol 
(MAG), as monitored using capillary chromatography (Iatroscan-FID).  For enzyme 
paper, stability test hydrolysis was carried out for 1 hr. 
2.2.4  Molecular dynamics simulation 
All atom molecular dynamics (MD) simulations were carried out on the IBM Bluegene 
Supercomputer, using NAMD2.9 (Phillips et al., 2005). Lacking of the crystal structure 
of the lipase QLM, we built a homology model based on the crystal structure of the 
human monoacylglycerol lipase (PDB ID: 3HJU) with the sequence identity of 35.8%. 
Models of the graphene (GR) and graphene-oxide (GO) sheet were adopted from our 
previous study (Tu et al., 2013). The simulated GR/GO sheet is effectively infinite 
because of the periodic boundaries (Fig. 2c-2e). Thus, without edges, the modelled 
GO sheet (Fig. 2c) contains 208 epoxy- and 208 hydroxyl-groups on the GR sheet 
(composed of 2048 carbon atoms). The modelled GR sheet without any oxidised 
group is shown in Fig. 2e. We also modelled the system (GRGO) that contains 50% 
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of the GO and 50% of the GR (Fig. 2d), similar to the experimentally observed 
coexistence of highly oxidised domains and un-oxidised sp2 domains (Tu et al., 2013).  
The QLM model was place about 5 Å above the modelled GO, GRGO and GR sheets. 
Each complex was subsequently solvated in a 0.1 M NaCl electrolyte.  
Following similar protocols in our previous simulations (Dai et al., 2013, Ge et al., 2011, 
Stirnemann et al., 2014, Kang et al., 2012, Das et al., 2011) each simulation system 
was first equilibrated at 1 bar and 300 K for 5 ns. During the equilibration, backbone 
atoms in the QLM protein and atoms in the GO/GR/GRGO were constrained. 
Subsequent simulations were carried out in the NVT ensemble, without constraining 
any protein atom. The Langevin dynamics was applied to oxygen atoms in water to 
keep the temperature constant in a simulated system. We used the TIP3P model for 
water (Jorgensen et al., 1983, Neria et al., 1996), standard ion force field (Beglov and 
Roux, 1994), GR/GO force field (Tu et al., 2013) and Charm force field (MacKerell et 
al., 1998) for the QLM protein.  A smooth cut-off (10-12 Å) was used to calculate van 
der Waals energies. Electric interactions were calculated using the particle-mesh 
Ewald (PME) method (grid size ~ 1 Å). The integration time-step in a simulation was 
1 fs. 
2.2.5  Paper fabrication 
In a typical film formation, 1 ml of graphenes and graphenes immobilised with lipase 
(washed thrice) were vacuum filtered on an isoporous membrane (polycarbonate, 
hydrophilic, 0.8 μm, 25 mm, white, plain, Millipore Corporation, Australia)  using a 
vacuum filtration unit (RZ6, Vacuubrand Inc., U.S.A.). Free standing films were peeled 
off from the membrane. GO and GO+QLM papers were used for characterisation using 
raman and fourier transform infrared (FTIR) spectroscopy and further used for 
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hydrolysis experiments.  Graphenes films were used for wetting angle measurements 
and X-ray photoelectron spectroscopy (XPS) measurements.  
2.2.6  Atomic force microscopy 
For AFM imaging, multimode 8 from Bruker biosciences corporation (U.S.A.) was used 
in peak force quantitative nanomechanical imaging mode. All the scans were 
performed at a scan rate of 0.977 hz, 256 scans/lines and aspect ratio of 1; at room 
temperature. The image processing was done by nanoscope analysis (Version 8.1) 
provided with the instrument and the height profile was obtained by WsXM (Nanotech 
electrica, S.L., Spain). The probes used for scanning was also obtained from Bruker 
(Bruker, Scanasyst Air). Appropriately, diluted solution was drop casted on freshly 
cleaved mica surface and allowed to dry at room temperature overnight.  
2.2.7  UV-Vis spectroscopy  
Ultra violet - visible (UV-Vis) spectroscopy  scans was performed in a continuous mode 
from 800 nm to 200 nm using quartz cuvette of path length 1mm, with a scan rate of 
500 nm/min and data interval of 1 nm using Varian, Cary 300 model.  
2.2.8  Circular dichroism spectroscopy 
CD spectra were obtained using JASCO J-815 CD spectrophotometer purchased from 
ATA scientific (NSW, Australia) under nitrogen atmosphere and at room temperature. 
Data was collected from 250 nm to 190 nm using a quartz cuvette of 1 mm path length 
with parameters including data pitch of 0.1 nm, scanning speed of 50 nm/min, 
bandwidth of 1 nm, and an average of 4 accumulations per scan was obtained. 
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2.2.9  Iatroscan  
The hydrolysed portions of canola oil were analysed by capillary chromatography with 
flame ionisation detector (Iatroscan MK5, Iatron Laboratories Inc., Tokyo, Japan). The 
latroscan settings were set according to literature (Akanbi et al., 2013). In brief air flow 
rate, hydrogen flow rate and scan speed was set to 200 ml/min, 160 ml/min and 30 
s/scan, respectively. The chromarods were cleaned by performing scan twice before 
the samples were analysed. 2 μl of each sample was spotted on the rods with auto 
pipette along the line of origin. The rods were immersed for 20 minutes in a solvent 
tank consisting hexane/diethyl ether/acetic acid (60:17:0.2, v/v/v). 
2.2.10  Zetasizer 
The surface charge of all the samples were measured using zetasizer nano ZS and 
disposable capillary cell DTS 1061 (Malvern Instruments, Worcestershire, UK). All 
measurements were carried out at room temperature with refractive index 2.4 and 
equilibration time of 2 minutes. 
2.2.11  Attenuated total reflection fourier transform infra-red spectroscopy 
FTIR was performed using Alpha FTIR spectrometer (Bruker Optik GmbH, Ettlingen, 
Germany) equipped with a deuterated triglycine sulphate (DTGS) detector and a single 
reflection diamond ATR sampling module (Platinum ATR Quick- Snap™) (Vongsvivut 
et al., 2012). Spectral resolution 4 cm-1 with 256 co-added scans were used. 
Background measurements were obtained before scanning each sample. Secondary 
derivative and curve fitting was done using OPUS 7.0 software suite. 
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2.2.12  Raman spectroscopy 
Measurements were conducted using Renishaw Invia Raman Microspectrometer 
(Reinshaw plc, Gloucestershire, UK), equipped with 514 nm laser and a thermo-
electrical cooled CCD detector. Spectral data was acquired using 20 s exposure time 
together with 4 cm-1 spectral resolution. Further analysis was performed using OPUS 
7.0 software suit. 
 Results and discussion 
Lipase from Alcaligenes sp. (QLM) was used in our current study. The ability of the 
enzymes to hydrolyse canola oil, a simple lipid system, was investigated and its activity 
was studied based on the liberated lipid classes such as  free fatty acids (FFA), 
diacylglycerol (DAG) and monoacyglycerol (MAG), as monitored by Iatroscan- flame 
ionization detector (FID) (Akanbi et al., 2013). These lipid classes are reported as 
hydrolysed products from here on.  
2.3.1  Atomic force microscopy 
After immobilisation the morphology of the GO sheets and QLM immobilised onto GO 
(GO+QLM) were visualised using AFM. The height profile revealed GO sheets (figure 
2.1a) to be 1 nm (figure 2.1b), which is consistent with previous studies (Xu and Gao, 
2011), whereas after immobilisation onto GO (figure 2.1c), an increase in height to 3 
nm was observed (figure 2.1d). This confirms successful immobilisation of QLM onto 
GO. This increase in height profile is best described by the formation of a sandwich-
like structure by assembled monolayers of QLM on both sides of the GO sheets (self-
assembled with the assistance of substrate GO).The flat plate-like structure of GO 
makes the sandwich-like structure possible.  
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Figure 2.1 Binding of lipase to graphenes. (a) AFM images of GO and (b) lipase bound to GO. (c,d) 
represents the height profile of the cross section of a and b respectively. The surface of graphenes 
became rough and an increase in height profile to 3 nm was observed.   
2.3.2  Synthesis and characterisation of chemically reduced graphene oxides 
Once the immobilisation of QLM on GO was confirmed, the effect of hydrophobicity on 
QLM immobilisation was investigated by CRGO with various degrees of 
hydrophobicity/hydrophilicity, synthesised by L-ascorbic acid (L-AA) reduction. 
Chemically reduced GO, with various hydrophobic/hydrophilic levels, were 
synthesised by reducing GO for various time intervals in the presence of L-ascorbic 
acid (L-AA) (Zhang et al., 2010b). Reduction facilitated removal of oxygen functional 
group and thereby increases hydrophobicity. The extent of hydrophobicity depended 
upon the time of reduction. As the chemical reduction time was increased, the number 
of oxygen functional groups decreased (Zhang et al., 2012b).  
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Figure 2.2 UV-Vis spectroscopy of GO and CRGO’s reduced to different time intervals. With increased 
reduction time, an increase in wavelength for peak absorbance was observed, together with increased 
absorbance between 600-800 nm (inset). 
The extent of reduction was monitored with the help of UV-Vis spectroscopy (figure 
2.2). The UV spectrum of GO showed a shoulder around 300 nm due to the n-π* 
transition of the carboxyl group, with a peak around 230 nm due to the π-π* transition 
of C-C bonds (Paredes et al., 2008). Absorbance maxima at 230 nm of GO was red 
shifted (Zhang et al., 2012b) as the reduction time was increased, together with an 
increase in absorbance at around 600-800 nm. The shoulder around 300 nm in the 
spectrum of GO, due to the carboxyl groups, also reduces with increased reduction 
time (Zhang et al., 2010b). This decrease at 300 nm indicates that reduction has 
occurred. These samples were further studied for their change in surface properties 
by wetting angle measurements and XPS spectra. An increase in water contact angle 
was observed with an increase in reduction time (Table 2.1). It is well known that the 
water contact angle increases as the hydrophobicity of the surface increases. XPS 
spectra were used to quantify the amount of oxygen and carbon content in different 
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reduced samples. The spectra revealed a decrease in oxygen content and increase in 
C/O wt% ratio with increase in reduction time of GO (Qiu et al., 2012) (Table 2.1). 
Table 2.1 Wetting angle measurements and C/O (wt% ratios) of different hydrophobic surfaces. 
Sample Wetting angle  C/O (wt% ratios) 
GO 28 º ± 4 º 1.69 
CRGO 1 hr 38 º ± 1 º 1.75 
CRGO 2 hr 46 º ± 1 º 1.80 
CRGO 3 hr 62 º ± 4 º 1.93 
CRGO 4 hr 70.6 º ± 2 º 3.51 
2.3.3  Secondary structural changes after immobilisation 
Immobilisation often leads to changes in the secondary structure of proteins (Secundo, 
2013). To study the conformational changes in QLM immobilisation on different 
hydrophobic surfaces, CD spectroscopy was performed. All CD spectra showed a 
minimum at 208 nm and maxima at 190 nm, which are indicative of α-helix content 
(Holzwarth and Doty, 1965). We observed a constant decrease in ellipticity at 208 nm 
with an increase in hydrophobicity of surfaces (figure 2.3a), indicating some decrease 
in α-helical content (Qing et al., 2014, Deng et al., 2011) after immobilisation. This 
suggests a decrease in α-helical content with decreasing oxygen functional groups on 
the immobilisation GO surface (figure 2.3b). The decreasing minimum in the spectra, 
that has also been observed previously (Holzwarth and Doty, 1965), could be due to 
the binding of hydrophobic lid to hydrophobic surfaces. Similarly, it was reported that 
the immobilisation of Burkholderia cepacia lipase (BCL) on the hydrophobic support 
(the microporous resin NKA) resulted in the decrease in α-helix content and the 
opening of the active site of BCL  (Liu et al., 2011). Thus, it is conceivable that the 
binding of the hydrophobic lid (present in many lipases) to hydrophobic patches on 
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GO, could affect the stability of α-helices in the lid. We will demonstrate this 
phenomenon with MD studies (see below) that also support the opening of the lid with 
increasing hydrophobicity. Therefore, we hypothesize that an increase in 
hydrophobicity of GO surfaces for immobilisation could result in conformational 
changes in the lid, which might significantly affect QLM’s activity.   
 
Figure 2.3 Secondary structure changes for QLM immobilised to different hydrophobic supports. (a) 
The far UV-CD spectra for lipase binding to different hydrophobic surfaces, a decrease in ellipticity at 
208 nm was observed. Decrease in α helix content upon immobilisation to increasing hydrophobic 
surfaces was observed due to binding of hydrophobic lid to hydrophobic domains on graphenes. (b) 
Decrease in relative α helix content upon immobilisation to different hydrophobic surfaces in 
correspondence to oxygen content in different hydrophobic surfaces, considering 2 theta value at 208 
nm for native QLM as 100 % α helix. 
Immobilisation onto further reduced CRGO (more than 4 hours), resulted in significant 
changes in the secondary structure of QLM (figure 2.4) as observed by CD 
spectroscopy. A minima between 210 to 220 nm and a maxima around 195 nm, that 
are characteristic to β sheets (Correa and Ramos, 2009),  were observed for QLM 
immobilised to these CRGO. Thus, further increase in hydrophobicity resulted in a 
transition from α helices to β sheets in the secondary structure of QLM, which could 
leads to deactivation (more below).  
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Figure 2.4 CD spectroscopy of QLM immobilised to CRGO’s reduced more than 4 hours. Minima 
between 210-220 nm and a maxima around 195 nm is observed corresponding to β sheets, showcasing 
loss of α helix secondary structure element, when hydrophobicity is increased. 
To further support the results observed by CD spectroscopy, we performed FTIR 
studies to show the decrease in α-helix content (Table 2.2 showing ratio between α-
helix and β-sheets contents). The absorption peaks due to peptide group vibrations in 
the 1900-1200 cm-1 region comprising of amide I (1700-1600 cm-1), amide II (1580-
1510 cm-1) and amide III (1400-1200 cm-1) due to C=O stretching, N-H bending and 
C-N stretching vibrations, respectively (Natalello et al., 2005), were  obtained for QLM 
immobilised onto graphene sheets. The amide I band from 1700 to 1600 cm-1 in FTIR 
spectra arises due to C=O stretching vibrations of peptide linkages, which are also 
responsible for most sensitive vibrations due to the secondary structure of protein 
(Kong and Yu, 2007). This region upon secondary derivative analysis yields signatory 
bands at 1655 cm-1 and 1625 cm-1, which are characteristic of α helices and β sheets, 
respectively (Miyazawa and Blout, 1961). Spectral deconvolution was performed using 
100% Lorentzian+Gaussian fit, which yielded the α-helix/ß-sheet ratio. As shown in 
table 2.2, a decrease in α-helix/β-sheet ratio for QLM before and after immobilisation 
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onto various hydrophobic surfaces was observed, indicating the decrease in α-helix 
and increase in β-sheet content.  Using the signatory bands mentioned above, 
experiments have been carried out to quantitatively determine the secondary structure 
of lipase 1 from Candida rugosa (Natalello et al., 2005) and CALB (Mei et al., 2002) 
under different conditions.  
Table 2.2 Spectral deconvolution results for FT-IR obtained by immobilising QLM to different 
hydrophobic surfaces. A decrease in α-helix/β-sheet ratio was observed with increase in hydrophobicity 
of immobilising surfaces. 
Sample α-helix/β-sheet ratio 
QLM 1.74 
GO + QLM 1.45 
CRGO 1 hr + QLM 1.198 
CRGO 2 hr + QLM 1.172 
CRGO 3 hr + QLM 1.073 
CRGO 4 hr + QLM 1.036 
2.3.4  Excluding the possibility of electrostatic interaction 
Next, in order to exclude the possibility of electrostatic interaction between QLM and 
GO, surface charge studies were carried out. Negative zeta potentials in the range of 
-50 mV for GO and -25 mV for QLM were observed at pH 7 (figure 2.5). These zeta 
potentials are consistent with others obtained for graphene derivatives (Si and 
Samulski, 2008). The carboxylic groups present at the edges are not completely 
removed during reduction and so graphene remains dispersed (Stankovich et al., 
2007) in water, even though the oxygen functional groups at the basal planes are 
removed. After immobilising with QLM a decrease in surface charge was observed, 
which is attributed to the immobilisation of QLM onto GO. The presence of negative 
charges on both GO and lipase at pH 7.0 eliminates the possibility of electrostatic 
interaction (Solanki and Gupta, 2011).  
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Figure 2.5 Surface charge analysis of CRGO reduced to different time intervals (black) and QLM 
immobilised to different CRGO (red). 
2.3.5  MD simulation studies for structural changes 
To further understand the molecular mechanism of the interaction between the lipase 
QLM and CRGO nano-sheets, we carried out molecular dynamics (MD) simulations 
for the lipase adsorbed on various CRGO nano-sheets. Figure 2.6a and 2.6b illustrate 
the side and top views of the QLM model, respectively. The active site (Ser89) is 
occluded by the lid containing two long and one short helices that are connected via 
flexible cords. 
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Figure 2.6 Molecular dynamics simulation. (a-b) Side and top views of the homology model for the 
lipase QLM. The lid and the substrate are coloured in red and grey. The residue S89 is shown in the 
van-der-Waals-sphere representation. (c-e) Simulation systems for the QLM on the GO (c), GO/GR (d) 
and GR (e) nanosheet, respectively. Carbon, oxygen and hydrogen atoms in each nano-sheet are shown 
as cyan, red and white spheres, respectively. Water is shown transparently and ions are not shown. (f) 
Time-dependent RMSDs for protein backbone atoms in different simulation systems (two independent 
ones for GO/GR, one for GO and one for GR). The flexible N-terminal (residue 1 to 11) and C-terminal 
(residue 267 to 277) are not included in calculations.  
Corresponding to different CRGOs in the experiment, we simulated three types of 
nano-sheets: 1) GO nano-sheet that has a molecular formula C10O2H1 (highly oxidised, 
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figure 2.6c); 2) GOGR nano-sheet where 50% of the GO sheet is replaced by 
graphene (GR) sheet (figure 2.6d); 3) GR nano-sheet that contains no oxidisation 
group (figure 2.6e). The dynamic processes of the QLM adsorbed on these nano-
sheets were independently simulated as shown in figure 2.6 (c-e). Due to the complex 
interaction between QLM and the GOGR nanosheet, two independent simulations 
were performed and labelled as GOGR-1 and GOGR-2,  starting from the same initial 
state when the QLM is about 5 Å above the border between the GO and GR domains. 
Figure 2.6f shows the root-mean-square-deviation (RMSD) of the QLM structure 
computed against the initial one. During all four MD simulations, the QLM was 
adsorbed on the nano-sheets within 10 ns. After that, dynamic interactions between 
the QLM and a nano-sheet affect the stability of the protein structure. For the QLM on 
the GO sheet, the time-dependent RMSDs of the protein structure saturated around 4 
Å after tens of nanoseconds, indicating no significant changes in the secondary 
structure. However, when the QLM was on the GOGR or GR nano-sheet, it took more 
than one hundred nano-seconds for RMSDs to saturate. Additionally, saturated values 
were 7.7, 6.3 and 8.0 Å for the QLM on the GOGR-1, GOGR-2 and GR nano-sheet, 
respectively. These slow saturation processes along with large saturated RMSDs 
suggest that non-trivial structural changes must have occurred in simulated QLM.  
Trajectory analyses of MD simulations confirm that the QLM’s conformation can be 
significantly affected by the interactions with these graphene-based nano-sheets. After 
the QLM was adsorbed on the GO nano-sheet (figure 2.11a), the lid of the QLM was 
always above the active site during the simulation, which agrees with the 
experimentally found low-activity of the QLM on the GO (figure 2.12). Because of the 
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hydrogen-bond mediated hydrophilic interaction, the QLM was not mobile on the GO-
nanosheet (figure 2.7).  
 
Figure 2.7 Movie frames of adsorption of QLM on the GO nanosheet. 
For the QLM that was initially positioned above the border between the GO and GR 
domains, from two independent MD simulations we observed that the QLM could 
either be adsorbed at the border (figure 2.11a) or move to the GR domain (figure 
11.7b). The QLM was pinned at the border due to the hydrophilic interaction with the 
GO domain (see figure 2.8) and was mobile on the GR surface because of the 
hydrophobic interaction (see figure 2.8 for quasi one dimensional diffusion of the QLM 
on the GR domain/stripe). In both cases, the lid of the QLM was able to interact 
hydrophobically with the GR domain. Simulation trajectories show that such strong 
hydrophobic interaction outweighs the lid-substrate interaction inside the QLM and 
thus the lid can lie down on the GR surface. Consequently, the lid moved away from 
the substrate, causing the active site to be more accessible. Therefore, the increased 
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enzyme activity on more hydrophobic CRGOs could result from the strong interaction 
between the lid and the GR (or sp2) domain in CRGOs.   
 
Figure 2.8 Movie frames for adsorption of QLM on the boarder of GO and graphene domains. 
 
Figure 2.9 Movie frames for diffusion of QLM on the graphene domain surrounded by GO domains. 
Enzyme Architectonics on Graphene Oxides 
73 
 
 
Figure 2.10 Movie frames for diffusion of QLM on graphene nanosheet. 
During the about 300-ns simulations, the hydrophobic interaction with the GR domain 
leads to the helix-to-coil transition and thus a large reduction of the helical content in 
the lid (see figure 2.9), which is consistent with the experiment result (figure 2.3a). On 
the other hand, our simulation time-scales are generally not long enough to observe 
the formation of β-sheets. The simulation for the QLM on the GR nano-sheet shows 
even larger movement of the lid away from the substrate (figure 2.11d and figure 2.10). 
Notably, after that, the active site is wide open. This suggests that the stronger 
hydrophobic interaction can cause not only the larger rearrangement of the lid’s 
conformation but also its relative position to the substrate.  
To quantify the opening of the “hinged”-lid form the body, as shown in figure 2.11b, we 
define the angle θ among alpha carbon atoms in residues 151, 172 and 239 that are 
representative in the lid, hinge and body, respectively. The angle is about 11° before 
the adsorption of the QLM on a nano-sheet. During the simulation time (about 280 ns 
each), θ reached a constant mean value of 20°, 38°, 46° and 65° for the QLM on the 
GO, GOGR-1, GOGR-2 and GR nano-sheets (figure 2.11e). For the QLM on the GO 
nano-sheet, θ changed slightly during the simulation, indicating that hydrophilic 
interaction between the QLM and the GO nano-sheet is not effective for lid’s opening. 
When the QLM was on the GOGR-1 and GOGR-2 nano-sheets, the lid’s opening 
increased, indicating higher activities of the QLM. For the QLM on the GR nano-sheet, 
the larger value of θ (65°) intuitively should lead to even larger activity of the QLM. 
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Figure 2.11 Conformational and energetic changes for lipase QLM on nano-sheets. (a) The final 
conformation of QLM on the GO nano-sheet. (b, c) The final conformations of QLM on the GO/GR-1 
and GO/GR-2 nano-sheets, respectively. (d) The final conformation of QLM on the GR nano-sheet. (e) 
Angles between the lid and the substrate surface after the QLM being adsorbed on different nano-sheets. 
(f) Time-dependent interaction energies between QLM and nano-sheets. (g) The new possible 
mechanism of enhanced activity for the QLM on a hydrophobic support. The active site inside the QLM 
(transparent and cyan) is shown as a red dot.   
2.3.6  Structure-activity relationship 
In experiment, we further study the effect of lid opening on activity of QLM, hydrolysis 
of canola oil and p-nitrophenyl palmitate test (pNPP) was carried out (figure 2.12). 
From both hydrolysis experiments, the activity of immobilised QLM was observed to 
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increase with the increase in surface hydrophobicity. The highest activity was 
observed for surface with water contact angle of 70.6 ± 2º.   
 
Figure 2.12 Relative activity obtained by hydrolysis of canola oil (black) and pNPP test (red). Both 
showed an increase in activity upon immobilisation to higher hydrophobic surfaces compared with 
lower hydrophobic surfaces. Surface with the highest activity was taken as 100 %. 
The increase in activity was attributed to interfacial activation, as observed for other 
lipases (Brzozowski et al., 1991). The interfacial activation of QLM is due to the 
opening up of the helical lid as suggested in MD simulations when it comes in contact 
with the hydrophobic region on GO sheets, which helps in easy access of a substrate 
to the active site of the enzyme, thus, facilitating hydrolysis. This lid opening explains 
both changes in the secondary structure of QLM and also the increase in activity of 
immobilised QLM to graphene. An increased trend of hydrolysed product was 
observed with increasing hydrophobicity, which is consistent with simulation results. 
There have been various beads prepared to study the effect of hydrophobicity on 
lipases. For example, four different hydrophobic magnetic porous microspheres were 
synthesised by copolymerisation of methacrylate and divinylbenzene. The highest 
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activity observed was 1.8 times more than free lipases (Tai et al., 2011). Similarly, 
mesoporous silica foams has also been synthesised with varying level of 
hydrophobicity/hydrophillicity. The highest activity changes observed was 1.3 times of 
free lipase with respect to tributyrin (Jin et al., 2011). Despite these progress, there is 
a major drawback in terms of the synthesis of these particles with various levels of 
hydrophobicity, and process is time consuming and requires special procedures. In 
our case, the activity is higher than these materials and the synthesis is facile and 
controllable.  
One might expect or hope to have an optimal point up to which the hydrophobicity has 
a positive effect on activity, as too hydrophobic surfaces might destroy the protein 
structure. To investigate this, further reduced hydrophobic surfaces were used for 
immobilisation. As expected, we observed that too high hydrophobicity reduced the 
catalytic activity. Although in general hydrophobicity increases catalytic activity, at the 
hydrophilic/hydrophobic interface hydrophobicity facilitates immobilisation and the 
hydrophilic component attracts water necessary for hydrolysis (Al-Duri et al., 1995). 
Also, the lid of a lipase in a close contact with the surface could alter the structure near 
the active site and have an impact on activity (Fernandez-Lorente et al., 2008). For 
example, TLL activity measurements have shown improved activity on hydrophilic 
surfaces compared to hydrophobic surfaces, as a large proportion of TLL molecules 
were oriented with their active sites facing the solution. Hence, the support should 
have a suitable percentage of hydrophobicity versus hydrophilicity to achieve the 
maximum catalytic activity (Al-Duri et al., 1995).  
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2.3.7  MD simulation studies for decreased activity  
To further understand the decrease in activity with high levels of hydrophobicity, from 
MD simulation we identified hydrophobic residues of the QLM involved in the 
interaction with the GR nano-sheet, as illustrated in figure 2.13. Despite the strong 
hydrophobic interaction that prevents the QLM from moving away from the GR nano-
sheet, the lateral motion of the QLM on the GR surface is very diffusive as shown in 
figure 2.14. Thus, it is likely that the interaction between two QLMs on the GR nano-
sheet can form a dimer and consequently result in the occlusion of active sites in both 
QLM, causing reduced enzyme activities again on highly reduced GO sheets. Another 
possible reason that is consistent with our experimental observations for the reduced 
activity of the QLM on highly reduced GO sheets is that the too strong hydrophobic 
interaction with the pristine graphene might cause partial unfolding of lipase QLM as 
seen in our previous studies on protein HP35 (Zuo et al., 2013, Zuo et al., 2011). Thus, 
potentially, the enzymatic activity is disturbed once the hydrophobicity of GO 
surpasses a certain limit. Previous experiment has also shown that hydrophobic 
mesoporous octyl silica can denature Cal B due to overly strong hydrophobic 
adsorption (Laszlo et al., 2011). Other enzymes such as α-ChT have shown lower 
catalytic activity due to overly strong interactions with their supports (Secundo et al., 
2011).  
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Figure 2.13 Hydrophobic interaction between the lipase QLM and the GR nano-sheet. (a) top view. (b) 
side view. The key hydrophobic residues of the QLM inside the contact are high-lighted in the stick 
representation. 
 
Figure 2.14 Diffusive motion of the lipase QLM on the GR nano-sheet. Inset: Mean square displacement 
vs. time interval. The diffusion constant D = <L2>/(4Δt) ) is 40 um2/s. 
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By analysing the interaction energy, including van der Waals and electrostatic ones, 
between the QLM and various nano-sheets in MD simulations, we found that saturated 
energies are more negative when the interactions are more hydrophobic (figure 2.11f). 
For the QLM on the GR nano-sheet, the interaction energy reached around -440 
kcal/mol at the end of the simulation. The further rearrangement of extra hydrophobic 
residues in QLM towards the GR surface (i.e. denaturing process) may occur at the 
experimental time-scale that is larger than the simulation one.  As expected, the 
absolute interaction-energy between the QLM and the GO nano-sheet is the lowest 
(figure 2.11f). With hydrophobic interactions, the absolute interaction-energy between 
the QLM and the GOGR nano-sheet becomes larger.  
These simulations highlight a new possible mechanism for the enhanced activity of an 
enzyme adsorbed on a hydrophobic support. The existing mechanism (figure 2.11g) 
suggests that hydrophobic residues at the edge of the lid-body contact interact 
preferentially with the more hydrophobic supporting-medium and consequently the lid 
opens. However, the opening faces the hydrophobic support, which yields a non-
optimal ligand binding rate. Thus, this mechanism may not be applicable to the QLM.  
Simulation results suggest that the flexible lid can deform to maximise the interaction 
with the hydrophobic support (figure 2.11 b-d). Thus, the resulting lid-opening can face 
the solution (figure 2.11g) and is therefore more accessible for ligands, yielding higher 
activities of the QLM.   
2.3.8  Enzyme paper 
Once the immobilisation of QLM on graphene was fully investigated, a further step 
was taken to fabricate a multilayered enzyme paper (figure 2.15a) as a medium for 
protein storage. The cross section imaging of the enzyme paper using SEM (Zeiss 
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supra 55 VP) revealed multilayered structure (figure 2.15b), with 2D GO+QLM flat 
plate-like structures (as shown in AFM) stacked on top of each other (figure 2.15c). To 
assure the presence of QLM in the layered GO paper, Raman spectroscopy was 
performed. Two characteristic peaks of GO was observed at around 1340 and 1580 
cm-1 corresponding to D and G bands respectively (Yang et al., 2009a). D band arises 
due to the disorder in the sp2 hybridised domains and G band is due to first order 
scattering of E2g phonon in graphene papers (Ferrari and Basko, 2013). An increase 
in ID/IG ratio of GO+QLM paper to 1.113 from 0.958 of GO was observed (figure 2.15d). 
This could be explained by QLM binding to the hydrophobic region of GO, which 
comprises of unoxidised sp2 domains, resulting in a decrease in peak intensity from 
sp2 domains and a reduced G band.  For PCDO’s binding to graphene oxide, a similar 
trend of increased ID/IG ratio was observed previously (Cheng et al., 2013). FTIR was 
further performed to characterise the functional groups on GO and also to study the 
secondary structure of QLM before and after immobilising onto GO (figure 2.15e). 
Firstly, GO showed the presence of C=O vibrations at 1726, O-H vibrations at 1620 
and C-O stretching at 1365 cm-1  (Singh et al., 2009), together with absorbance peak 
at 1220 due to epoxy (Singh et al., 2009) and 1100 cm-1 due to C-OH vibrations (Park 
et al., 2008). Curve fitting of spectra for QLM before and after immobilisation showed 
a decreased α-helix/β-sheet ratio upon QLM immobilisation to GO, which was 
attributed to decrease in α helix content. Again, the decrease in α-helical content can 
be explained by the attachment of the hydrophobic lid containing α helices to the 
hydrophobic domains on GO. On the other hand, the secondary derivative also 
showed an increase in β sheet structure for QLM upon immobilisation to GO (figure 
2.15f). Therefore, it can be deduced that the mechanism of QLM’s adsorption in 
multilayered GO paper is similar to that for QLM’s adsorption on a single GO sheet.  
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Figure 2.15 Characterisation of GO+QLM paper. (a) SEM image of scale 1μm for cross section of 
GO+QLM paper, showcasing multilayered structure of 2D GO+QLM flat plate like structure (shown 
by AFM) stacked on top of each other. (b) Raman spectroscopy of GO paper and GO+QLM paper. An 
increase in ID/IG ratio from 1.113 to 0.958 was observed, which could be attributed to the presence of 
QLM in between layered structures of GO. (c) FT-IR spectroscopy of GO paper, QLM and GO+QLM 
paper. A decrease in α/βratio was observed for GO+QLM paper with respect to QLM which is due to 
decrease in α helix content upon immobilisation on GO. (d) Secondary derivative for FT-IR spectra of 
QLM and GO+QLM paper. A decrease in α helix and increase in β sheet content was observed for 
QLM immobilised on GO paper. Spectra shows increase in β sheet structures upon immobilisation to 
hydrophobic surfaces. 
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2.3.9  Activity and stability of enzyme paper 
MD simulations suggest that the lid opening faces tangentially along the GO surface, 
which allows adsorbed QLMs to retain their enzyme activity after being stacked in 
paper. In order to make sure the enzymes are still active in paper form, hydrolysis of 
canola oil was carried out and compared with the same enzyme immobilised in 
solution form (figure 2.16 inset). A decrease in activity was observed for paper form, 
when compared to that of the solution, due to mass transfer limitation being higher for 
the paper form. These mass transfer limitation can be classified as inter and intra 
particle mass transfer effects, due to enzymes residing inside a porous medium and  
the ones between bulk solution and outer surface of enzyme matrix, respectively 
(Cabral and Tramper, 1994). The presence of activity in the paper indicates that the 
paper could be used as a protein storage platform. Therefore, stability test was 
conducted and compared with the solution form. Both paper and solution form showed 
good stability for over a period of 10 days, with 95 % of their initial activity (figure 2.16). 
After storage periods of 1 and 2 months, solution form retained 60 and 34% of its initial 
activity, respectively, but the enzyme paper form retained 63% of its initial activity after 
2 months, indicating that the enzyme paper may be better for long term storage. 
Comparatively, lipase Candida rugosa immobilised on chitosan and by encapsulation 
in inert sol-gel material showed 67% activity after 7 days and 50% activity after long 
term storage (Soares et al., 2006). Even worse, Rhizomucor meihie lipase adsorbed 
on an ion exchange resin retained only 6% activity after 3 months of storage (Reetz et 
al., 1996). These results indicated that GO enzyme paper is an excellent storage 
medium. 
Enzyme Architectonics on Graphene Oxides 
83 
 
 
Figure 2.16 Stability test for QLM immobilised in solution (yellow) and paper (blue) form. Good 
stability for both forms were observed for a period of 10 days but eventually paper form showed more 
stability than its counterpart solution form. Activity at day 0 taken as 100 % activity. Inset: Activity 
check for GO+QLM in solution and paper performed by hydrolysis of canola oil for 1 hr. Decrease in 
activity for paper observed due to more mass transfer limitation in paper form than in solution form. 
(Inset) Activity check for GO+QLM in solution and paper performed by hydrolysis of canola oil for 1 
hr. Decrease in activity for paper observed due to more mass transfer limitation in paper form than in 
solution form.  
 Conclusions 
Lipases are industrially important enzymes, so it is important to understand and control 
their catalytic activity through exploring molecular level mechanisms. Here we have 
demonstrated that graphene oxide is an excellent lipase immobilisation matrix. Facile 
synthesis of controlled graphene surfaces can be achieved, and this was utilised to 
understand and improve lipase immobilisation. A systematic study has been 
performed using non-covalent hydrophobic interactions of lipase with different 
hydrophobic/hydrophilic interfaces. These experiments show that graphene surface 
hydrophobicity impacts lipase’s secondary structure and can be controlled to modulate 
lipase activity. Our results based on both experimental and theoretical approaches 
help to understand how the lid unfolds at the molecular level. CD and FTIR data 
revealed a decrease in α helix and an increase in β sheet content, with increasing 
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hydrophobicity, which impacted lipase’s catalytic activity. The surface with a water 
contact angle of 70.6 ± 2º (reduced GO with high hydrophobicity) was found to have 
maximal activity. In addition, MD simulations provided a molecular picture on how the 
lipase lid unfolds in the presence of hydrophobic surfaces, which aids to explain the 
experimental data. Additional analyses showed the level of lid opening and the role of 
hydrophobic interactions between lipase and different interfaces. Simulation results 
also showed the opening of the lid towards the solution, which is a possible new 
mechanism for the increase in activity of QLM.  Furthermore, a multilayered protein 
paper was fabricated and demonstrated as a medium for protein storage. These 
findings provide an improved understanding on protein-nanoparticle interactions that 
can be utilised to modulate and control activity at the molecular level, and are expected 
to be applicable to other bio catalysis applications. 
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 Introduction  
Understanding changes in enzyme architectures, upon interaction with nanoparticles 
(immobilisation) has gained immense interest among researchers due to its varied bio-
applications. Many surface analysis techniques such as forster resonance energy 
transfer (FRET) (Nienhaus, 2006), scanning electron microscopy (SEM), quartz 
crystal microbalance (QCM) (Casero et al., 2010) and time-of-flight secondary ion 
mass spectroscopy (TOF-SIMS)  (Aoyagi, 2009) have been used to study the changes 
in three dimensional structure of enzymes upon immobilisation. Even though they 
provide information regarding the changes in enzyme structures, there is still 
inadequacy in acquiring quantitative information.  Atomic force microscopy  discovered 
in early 1980’s (Binnig et al., 1986) has been widely used to study protein-nanoparticle 
interactions at the molecular level by either force spectroscopy or chemically 
functionalised tips and  morphology of soft materials like polymers and biomaterials 
(Fang et al., 2005). Along with topography mapping and imaging they could also give 
valuable quantitative information on the mechanical properties of a material such as 
adhesive forces, DMT modulus, phase imaging and deformation values (Dufrêne et 
al., 2013). Likewise, there has been various studies carried out to study the 
mechanical properties of cells and viruses over the past decade. Recently, adhesion, 
deformation and topography mapping for Tau fibrils was carried out to study the fuzzy 
coating present on them; which aided in better understanding the cellular interactions 
of the fibrils in neurodegenerative diseases (Wegmann et al., 2013). Similarly, 
quantitative mechanical properties for cancer cells were obtained through force 
distance curve which served as a platform to recognise the potential indicators for 
diagnosis (Plodinec et al., 2012).  
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It has been well established that protein immobilisation on surfaces can cause 
changes in their structure to maintain its functionality (Pfreundschuh et al., 2014). For 
example, studies have been carried out to understand the effect of protein adsorption 
on aluminium substrates and to investigate their adsorption mechanism on surfaces 
with high roughness (Landoulsi and Dupres, 2013). This study helped in monitoring 
the changes in adsorption behaviour of proteins but lacked in providing information 
about the structural changes taking place in protein due to adsorption. Lipases, a 
commercially important enzyme has a hydrophobic lid which binds onto hydrophobic 
supports. Previously, we have studied the lid opening by spectroscopic techniques 
and MD simulations on different hydrophobic supports. It was observed that the 
hydrophobic helical lid on lipases opens gradually when immobilised onto increasing 
hydrophobic supports due to hydrophobic interactions and results in activation of the 
enzyme (Mathesh et al., 2016).This gradual lid opening causes changes in enzyme 
structure which could be studied with aid of AFM.  
Herein, a well-known AFM technique namely, PF QNM (Rico et al., 2011) has been 
used to study the structural changes taking place in lipases due to immobilisation on 
different hydrophobic supports synthesised by time controlled chemical reduction of 
graphene oxide (CRGO). Figure 3.1 shows the schematic representation of peak force 
quantitative nanomechanical mapping for lipases. This could provide new insights in 
understanding the changes in enzyme structures at the nanoscale.  
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Figure 4.1 Schematic representation of PF QNM for lipases on different time reduced graphene oxides. 
 The principle for PF QNM measurements  
The peak force measurements is based on the movement of piezoelectric device 
which helps in bringing the cantilever closer to the surface for studying tip-sample 
interactions. The cantilever holds the tip which in turn is attached to the probe. When 
the probe is engaged it approaches and interacts with sample resulting in cantilever 
bending which provides quantitative information about the nanomechanical properties 
of sample (Dufrêne et al., 2013). In principle, during scanning process the laser placed 
on top of cantilever records its bending and communicates with photodiode which in 
turn records the force-displacement curves. Figure 3.2 shows typical force 
displacement curves obtained through high speed data capture process. The black 
line depicts the approach process in which the tip moves towards the sample and the 
red line represents the withdraw process in which the tip moves away from the sample 
after a peak force is applied to the sample. During this process a force vs time plot is 
obtained (figure 3.2 a). In this curve the point at which the tip comes into contact with 
sample is represented by a , after which a peak force is applied, marked as b; followed 
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by the adhesion force between tip and the sample, when the tip is retracted from the 
sample surface, marked as c.  
 
Figure 4.2 PF QNM force curves. (a) Force vs time plot and (b) force vs separation curves obtained 
through high speed data capture.  
4.2.1  DMT modulus 
Figure 3.2 b depicts the force vs separation plot which could be used to obtain 
quantitative mechanical properties of the sample such as young modulus, 
deformation, adhesion and dissipation. Young’s modulus can be calculated by fitting 
the withdraw curve using Derjaguin-Muller-Toropov (DMT) model by using equation 1 
(Derjaguin et al., 1975). 
ܨ௧௜௣ ൌ  ସଷ ܧכξܴ
మ ݀ଷ ൅ܨ௔ௗ௛                  1 
Where E*, Ftip , Fadh, R and d represent elastic modulus of the tip, force on the tip, 
adhesion force, tip radius and tip-sample separation, respectively.  
4.2.2  Dissipation 
When the tip interacts with the sample and retracts back, there is some energy 
dissipated due to tip-sample interaction which could be measured by oscillation 
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amplitude, phase shift and frequency (Anczykowski et al., 1999). In figure 3.2 b the 
area in between the approach and withdraw curves gives the dissipation value. 
Equation 2 could be used to determine the dissipation forces by integrating the area 
in between approach and withdraw curves. 
 ൌ ׬ ܨ்଴ ܸ݀ݐ ൌ ׬ܨ ܼ݀                  2 
Where W, F, dZ stands for energy dissipated, interaction force and displacement 
vector respectively. 
4.2.3  Adhesion 
The attractive forces between the sample and the tip which could be attributed to van 
der Waals, electrostatic and hydrophilic forces can be mapped using PF QNM. The 
peak force below the baseline gives the adhesion value as shown in figure 3.2 b. This 
forces are more appropriate in case of functionalised tips which could be used to detect 
the chemical bond formation or to study biomolecular interactions.  This 
measurements have been used to detect single molecular recognition events for 
studying the interactions between functionalised tips and biomolecules modified solid 
supports (Hinterdorfer and Dufrêne, 2006). In terms of chemical interaction, the 
adhesive and friction forces between functionalised tips and monolayers of organic 
molecules with distinct functional groups have also been measured. This study 
revealed the effect of spatial arrangement of functional groups in recognition events 
of biological systems (Frisbie et al., 1994).    
4.2.4  Deformation 
The final property that could be measured with PF QNM is deformation. When peak 
force is applied on a molecule it tends to deform due to penetration of the tip on its 
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surface. This could then give us detailed information about the deformation pattern of 
a molecule with respect to different peak force applied. In figure 3.2 b, the 85% area 
between approach and withdraw curve above the baseline gives the deformation 
value. This feature has been used to study the intrinsic properties of amyloid fibrils 
which is important in terms of understanding their biological role and applications 
(Adamcik and Mezzenga, 2012).  
 Materials and methods 
GO and CRGO were synthesised as in section 2.2.1 and were used for immobilisation. 
All other experimental details specific to this chapter is described below. 
4.3.1  Sample preparation 
Lipase solution of 1 mg/ml conc. was used as stock solution. The solution was further 
diluted to 1:10 and 1:100 ratio for height and deformation studies, respectively. The 
samples were prepared by drop casting 20 μl of appropriately diluted solution of GO 
and its derivatives on freshly cleaved mica surface and allowed to dry at room 
temperature overnight. 20 μl of lipase solution was deposited on as prepared surface 
and allowed to stand for 2 minutes. Stubs were washed four to five times with distilled 
water to remove excess lipase. Excess water on stubs after washing was removed by 
kim wipes and allowed to dry at room temperature. As prepared samples were further 
used for measurements. 
4.3.2  AFM height measurements  
For height measurements and in phase imaging, multimode 8 from Bruker biosciences 
corporation (U.S.A.) was used in scanasyst mode. All the scans were performed at a 
scan rate of 0.501 hz, 256 scans/lines and aspect ratio of 1 at room temperature. The 
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image processing was carried out by nanoscope analysis (Version 8.1) provided with 
the instrument. Silicon nitride probes were used for scanning which was obtained from 
Bruker (Bruker, Scanasyst Air). 
4.3.3  AFM deformation measurements 
Deformation mapping was carried out in PF QNM mode. Samples were prepared by 
depositing highly diluted lipase on GO and its derivatives. All scans were performed 
at a scan rate of 0.501 hz, 256 scans/lines and aspect ratio of 1 at room temperature. 
Reflective antimony doped silicon probes were used for scanning which was obtained 
from Bruker (Bruker, RTESPA). Image processing was carried out using nanoscope 
analysis (Version 8.1) provided with the instrument. 
4.3.4  Calibration procedure 
Relative calibration method was used for calibrating RTESPA probes for deformation 
studies. Three parameters were calibrated before carrying out PF QNM on the sample 
namely, deflection sensitivity, spring constant and tip radius using sapphire, titanium 
and HOPG calibration samples, respectively obtained with the instrument. Deflection 
sensitivity and spring constant for the tip was measured by scanning the surface of the 
above mentioned samples with aspect ratio 2. Tip radius was measured by matching 
the nominal modulus value of the HOPG sample which is around 18 GPa. 
 Results and discussion 
4.4.1  Optimising single layer deposition 
To avoid discrepancy in AFM studies it was necessary to obtain single layer of lipase 
immobilisation on one side of the basal plane on GO nanosheets, instead of both 
sides. For this purpose nanosheets were deposited first which was then used as 
template to deposit lipases. When lipases were drop casted on graphene surfaces 
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they tend to aggregate and deposit as clumps as shown in figure 3.3 (left). To 
overcome this issue, stubs were washed by dipping four times in distilled water and 
dried at room temperature which allowed removal of aggregates on the surface. By 
this procedure, single layer of lipase molecules were obtained on one side of the 
nanosheet as shown in figure 3.3 which was further used for analysis. 
    
Figure 4.3 AFM imaging for different stages of single layer deposition on graphene oxide. 
4.4.2  Height measurements  
Once single layer deposition of lipases was achieved, they were immobilised onto 
different time reduced GO and analysed for structural changes based on height profile. 
Figure 3.4 shows the topography of different time reduced GO (left) and their 
respective height profiles (right). It was observed that all GO’s had roughly the same 
height profile of around 1 nm which is consistent with previous studies (Xu and Gao, 
2011). On close observation of the height profile, a rough surface for GO was observed 
prior to reduction which is attributed to the presence of oxygen functional groups on 
its basal plane. It is well known that upon reduction the basal plane functional groups 
GO is removed successively with less effect on the edge functional groups (Zhang et 
al., 2010b), which contributes to smoother surface of different time reduced GO’s.  
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Figure 4.4  Height profile for different time reduced GO’s. 
Enzyme Architectonics on Graphene Oxides 
95 
 
Once the GO’s were characterised for their height profiles, they were immobilised with 
single layer of lipase molecules and analysed for changes in their height profile. Figure 
3.5 shows the lipase immobilised onto different time reduced hydrophobic supports 
(left), area inside the blue box (middle) and their respective height profiles (right). The 
lipases are known to form aggregates due to the presence of hydrophobic residues on 
their surface (Luisa Rúa et al., 1997). After immobilisation onto GO’s supports one 
might expect to observe aggregates of lipase, but there was no aggregation observed. 
The lipases were observed to be deposited as single layer without any aggregate 
formation which aided in studying the protein structural changes. This may due to the 
hydrophobic interaction of lipases with the hydrophobic region on GO’s, which thereby 
prevents aggregation. Most of the lipases deposited on GO were single layer and 
circular and those present on mica surface were aggregated and faceted. Previously, 
from MD simulation as described in chapter 2, the single lipase molecule was 
calculated to be around 3 nm, but after immobilisation onto different time reduced 
hydrophobic supports lipases tend to decrease in height from ~2.7 nm on lower 
hydrophobic surface to ~1.6 nm on higher hydrophobic surface. After certain 
hydrophobicity it was observed that the decrease in height profile is directly related to 
the hydrophobicity of the surface as shown in figure 3.6.  
The decrease in height profile could be attributed to stronger interaction between 
higher hydrophobic surfaces and lipases which could result in conformation changes 
and hence, resulting in decreased height profile. Similar results were obtained when 
HRP was immobilised onto GO sheets. The decrease in height for HRP was attributed 
to the conformational changes taking place in HRP upon immobilisation (Zhang et al., 
2010c). 
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Figure 4.5 Height profile for lipase immobilised onto different time reduced graphene oxides. Decrease 
in height was observed with increasing hydrophobicity due to stronger interactions with higher 
hydrophobic surfaces.  
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Figure 4.6 Graphical representation of height profile for lipases immobilised onto different time reduced 
graphene oxides. 
4.4.3  Phase imaging  
Phase shift in AFM images is caused due to delay in oscillation of the cantilever and 
is sensitive to adhesion, friction and viscoelasticity of the material. There is a 
significant difference in tip oscillation during free motion of the tip and while the tip 
scans the surface which gives raise to phase shift. It can be used to distinguish 
between two surfaces differing in adhesion or viscosity. In here, lipases immobilised 
on different hydrophobic supports were subjected to phase imaging (figure 3.7). Most 
of lipases were bound to the basal plane of GO’s which supports the hypothesis of 
hydrophobic interactions between lipases and GO’s. Enzymes such as bilirubin 
oxidase have been bound to GO’s via hydrophobic non-covalent interactions on the 
basal plane of GO to study the changes in their biophysical properties (Hernández-
Cancel et al., 2015). Absence of enzymes on the edges of the nanosheets provides 
evidence for the absence of electrostatic or covalent interactions between lipases and 
nanosheets which is required to bind to the edges (Zhang et al., 2014).  
Enzyme Architectonics on Graphene Oxides 
98 
 
 
Figure 4.7 Phase imaging of lipase loaded on to different time reduced GO’s. Lipases were observed to 
bind to hydrophobic regions of GO’s. 
Phase imaging can also help in detecting the hydrophilic groups on carbon surfaces 
(Paredes et al., 2003, Paredes et al., 2002), which could be further extrapolated to 
differentiate between hydrophobic and hydrophilic groups (Paredes et al., 2009). 
CRGO’s reduced to 2, 3 and 4 hrs showed significant contrast differences for 
hydrophobic and hydrophilic regions (figure 3.7). CRGO sheets with hydrophobic 
regions showed 3 to 4° higher phase than hydrophilic regions. This is consistent with 
studies showing 2 to 3° higher phase for hydrophilic regions when unreduced sheets 
were deposited on HOPG surface (Paredes et al., 2009). In here, CRGO sheets were 
deposited on freshly cleaved mica surface which are hydrophilic in nature and hence, 
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hydrophobic regions are observed as higher phase. Lipases were observed to be 
highly loaded on higher phase due to the affinity of lipases towards hydrophobic 
domains on CRGO nanosheets. 
4.4.4  Deformation studies 
PF QNM mode was used in order to study the deformation of lipases immobilised onto 
different time reduced GO. Figure 3.8 shows the deformation mapping of lipases on 
different hydrophobic surfaces. In here, highly diluted samples were used for 
immobilisation in order to sparsely populate lipases onto GO nanosheets. In PF QNM 
mode, peak force is applied on the molecules with the tip surface which results in 
deformation of the molecules. In here, when peak force is applied on lipase molecules, 
they deform and become faceted in nature rather than being circular as observed in 
scanasyst mode for topography studies. It is well known that when lipases gets 
adsorbed on a surface due to hydrophobic interactions, the interaction between 
lipases and the surface increases with increase in hydrophobicity. For example, when 
lipases were immobilised onto different hydrophobic mesoporous silica’s surfaces it 
was observed that lipase interaction with hydrophilic methyl groups was less when 
compared to hydrophobic octyl groups (Serra et al., 2010). In our case, from the 
deformation profile of lipases on increasing hydrophobic surfaces, a decrease in 
deformation was witnessed as shown in figure 3.9. It was observed that the decrease 
in deformation was less until CRGO 2 hrs as compared to GO, and from CRGO 3 hrs 
the deformation decreased drastically which might be due to increased changes in 
enzyme secondary structure  as observed by CD spectroscopy in figure 2.3b. This 
decrease in deformation could be attributed to increased interactions of lipase with 
higher hydrophobic supports due to increased reduction of GO. Lipases are known to 
strongly adsorb to hydrophobic surfaces with the help of hydrophobic lid around its 
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catalytic site (Fernandez-Lafuente et al., 1998). When a constant peak force is applied 
on lipases, the deformation of the enzyme is dependent on its interaction with surface. 
Increased interaction energies between lipase with increasing hydrophobicity of 
surfaces, results in decreasing deformation of lipases. This observation correlates well 
with previous MD simulations, which showed increase in interaction energy when the 
immobilised surfaces became more hydrophobic in nature (Mathesh et al., 2016). To 
the best of our knowledge, such studies has not been carried out before to measure 
the influence of hydrophobicity on the deformation of enzymes. 
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Figure 4.8 Deformation profile for lipase immobilised onto different time reduced graphene oxides.  
Decrease in deformation was observed with increasing hydrophobicity due to stronger interactions with 
higher hydrophobic surfaces. 
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Figure 4.9 Graphical representation of deformation for lipases immobilised onto different time reduced 
graphene oxides. 
4.4.5  Height-deformation relationship 
In order to further investigate the structural changes in lipases on different hydrophobic 
supports, the height and deformation profiles were correlated and analysed (figure 
3.10). Interestingly, it was observed that the height and deformation profile of lipases 
complemented well with each other on all supports (figure 3.10 a). The height vs 
deformation profile showed a linear decreasing trend after immobilisation onto 
hydrophobic supports which were reduced more than 1 hr (figure 3.10 b). This is due 
to stronger interaction of lipases with higher hydrophobic supports. Previously, from 
MD simulations it was observed that lipase molecules bind to GO nanosheets by 
hydrogen bond-mediated hydrophilic interactions (Mathesh et al., 2016). Due to this, 
there is lower interactions of lipase with the GO surface, resulting, in minimal structural 
changes and hence, higher height and deformation profile. When GO is reduced to 1 
hr results in small increase in interaction energy due to increase in hydrophobicity 
which in turn causes a small change in deformation and height of lipases. Upon further 
Enzyme Architectonics on Graphene Oxides 
103 
 
reduction to different time intervals, the hydrophobic domains increase significantly 
thereby, increasing hydrophobic interactions. This leads to increased structural 
changes resulting in higher decrease in deformation and height profile.  
Previously, we had carried out CD spectroscopic measurements to study the 
secondary structural changes taking place in lipases upon immobilisation to different 
hydrophobic supports. From CD data it was observed that increased structural 
changes takes place between CRGO 2 hrs and 3 hrs upon immobilisation, as the 
relative reduction in α helical content was more as compared between other surfaces. 
Interestingly, a highest relative change in deformation and height for lipases was 
observed for lipases immobilised onto CRGO 3 hrs which coincides well with the CD 
spectroscopy data table as shown in 3.1.  
Table 4.1 Relative changes in helical content, deformation and height of lipases immobilised onto 
different hydrophobic surfaces. 
Relative immobilised 
surfaces 
Relative 
helix 
change (%) 
Relative 
deformation 
change (%) 
Relative height 
change (%) 
GO - CRGO 1 hr 6.7 3 0 
CRGO 1 hr - CRGO 2 hr 0.7 4.3 9.3 
CRGO 2 hr - CRGO 3 hr 10.9 20.7 20.4 
CRGO 3 hr - CRGO 4 hr 7.7 11 11.1 
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Figure 4.10 Relationship between height and deformation of lipases immobilised onto different time 
reduced graphene oxides. a) Height and deformation and b) height vs deformation of lipase on different 
time reduced graphene oxides. A linear relationship was observed between height and deformation 
profile after certain level of hydrophobicity.  
 Conclusions 
AFM was used as a tool to evaluate the structural changes taking place in lipases 
when immobilised onto increasing hydrophobic surfaces. Tailor made graphenes 
varying in hydrophobicity were used as templates for immobilisation of lipases. Height 
analysis, phase imaging and deformation studies were performed to observe the 
changes occurring in lipase structure. The height and deformation profile of lipases 
showed decreasing trend upon increasing hydrophobicity, which can be anticipated by 
one due to changes in secondary structure of enzymes. On the other hand, phase 
imaging was able to differentiate between hydrophobic and hydrophilic domains on 
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CRGO’s and showed high density of lipases in hydrophobic region. The study of 
structural changes of single molecules due to immobilisation on different hydrophobic 
supports using AFM is fascinating. This approach could be extrapolated to study other 
industrially important enzymes, for fabrication of novel devices. The present 
experimental results provides a better understanding about the effect of hydrophobicity 
on enzymes which could be further developed to create a myriad of functional 
materials for bio-catalysis. 
Enzyme Architectonics on Graphene Oxides 
106 
 
 
 
 
 
 
 
 
Chapter 5: Graphene Nano Scissors to Dissociate 
Lipase Dimers 
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 Introduction 
Recently through both experimental and MD simulation, it was shown that graphene 
nanosheets can extract the phospholipids from cell membranes in E. coli and break 
open the membrane due to their sharp edges. This was due to insertion of graphene 
sheets into the membrane via van der Waals and hydrophobic interactions which 
results in extraction of phospholipids (Tu et al., 2013). In another instance, theoretical 
studies showed graphene (Gr) and graphene oxides (GO) to individually disrupt the 
HIV-1 integrase dimer (Feng et al., 2016, Luan et al., 2014), which are formed by 
hydrophobic interactions between two monomers. This studies revealed that protein-
protein interaction can be broken down to alter its function that could be useful for 
various biomedical applications. The hydrophobic nature of graphene makes it 
energetically favourable to enter and disrupt the hydrophobic contacts between the 
two monomers. Although theoretically the potential disruption of protein interface by 
graphene sheets has been shown, there is no experimental validation for the same. 
Lipases, an industrially important enzymes are known to have a hydrophobic lid 
covering the active site of the enzyme (Adlercreutz, 2013). This lid in its open form is 
known to self-assemble with each other by hydrophobic residues to form dimers 
(Palomo et al., 2005). In solution , there exists an equilibrium between monomers and 
dimers of lipase which influences the enzyme functionality to a great extent 
(FernándezǦLorente et al., 2003). For instance, lipases from Candida rugosa, 
Humicola lanuginose and Mucor miehei species were observed to form bimolecular 
aggregates resulting in decreased specific activity but increased stability during 
inactivation studies (Palomo et al., 2003). This trend of forming bimolecular 
aggregates has been utilised for lipase purification in case of Pseudomonas 
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fluorescens (Palomo et al., 2004). The lipase was immobilised onto glyoxyl-agarose 
support with its active site exposed to the reaction medium that permitted adsorption 
of other lipase molecules via bimolecular aggregate formation/dimers. The dimers can 
be broken down into monomers in presence of detergents like triton X-100 (Wilson et 
al., 2006). Even though the detergents are shown to prevent dimer formation, the exact 
mechanism is still not clearly understood. Also, lipases are known to aggregate due to 
thermal denaturation which exposes the hydrophobic residues on the surface resulting 
in incorrect structure formation due to hydrophobic interactions. Various materials like 
functionalised mesoporous silica (Blanco et al., 2004) and chitosan with hydrophobic 
surface (Deng et al., 2010) have been used to prevent aggregation by blocking the 
hydrophobic interaction between exposed residues. 
In here, as a proof of concept nano graphene (NGr) was used to dissociate the lipase 
dimers into monomers with the aid of energetically favourable hydrophobic interactions 
between NGr and lipases. Our studies suggest that NGr is able to initiate the 
dissociation of dimers. Furthermore, the aggregation temperature of lipases was 
observed to increase in presence of NGr. 
 Materials and methods 
5.2.1  Synthesis of NGr 
Initially, nano graphene oxide (NGO) was synthesised according to literature (Luo et 
al., 2010). Briefly, 0.2 g of carbon nanofibers was added to 15 ml of H2SO4, 0.15 g of 
K2S2O8 and 0.15 g of P2O5; kept at 80° C for pre oxidation of the fibres. This mixture 
was stirred for 5 hrs, diluted with 200 ml of H2O, filtered and dried. Filtrate was 
sonicated for 4 hours and mixed with 25 ml of H2SO4 in an ice bath with slow addition 
of KMnO4 (1 g). Solution was stirred overnight at room temperature for oxidation of the 
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fibres. Next day, the solution was slowly diluted with 100 ml of H2O with temperature 
maintained below 30°C. H2O2 (30 ml) was added immediately which turns the solution 
to golden yellow, followed by 5 hrs of sonication. This mixture was washed with 10 % 
HCl and water 3 times. The resulting solution was dialysed for 5 days and centrifuged 
at 3000 rpm to remove aggregates. 
To synthesise NGr, reduction of NGO was carried out using hydrazine (Li et al., 2008). 
5 ml of as such solution (0.5 mg/ml) was taken and added with 17.5 μl of NH3 in 
presence of 10 μl of hydrazine. The solution was kept at 95°C for 1 hr to obtain NGr. 
5.2.2  Purification of lipases 
Purification of lipases was carried out as explained in literature (Palomo et al., 2003). 
Candida antartica lipase B (Cal B), Candida rugosa (CRL) and Rhizomucor miehei 
(MML) lipases were dissolved in 5 mM PBS buffer (pH 8). The mixture was adsorbed 
on macro-prep DEAE ion exchange resin at pH 8 on a fast protein liquid 
chromatography (FPLC) column (BioLogic Duoflow, Bio-Rad laboratories). The 
protocol used is shown in table 4.1. 5 mM and 50 mM PBS buffer at pH 8 was used 
as running (buffer A) and elution buffer (buffer B), respectively. The adsorbed enzyme 
was released from the support using elution buffer. Basically, low salt conc. causes 
adsorption and high salt conc. causes desorption of the enzymes. The eluting solution 
was collected in 10 ml fractions and used as such for pNPP analysis.  
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Table 5.1 Protocol of purification of lipases using macro-Prep DEA ion exchange resin. 
Step 
No. 
Cumulative 
Volume (ml) 
Description Buffer Volume 
(ml) 
Flow rate 
(ml/min) 
1 0 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
10 2 
2 10 Zero Baseline QuadTec- ON   
3 10 Load/Inject 
sample 
Sample 4 2 
4 14 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
20 2 
5 34 Linear Gradient Buffer A- 100 to 
0% 
Buffer B- 0 to 
100% 
2 2 
6 54 Isocratic Flow Buffer A- 0% 
Buffer B- 100% 
10 2 
7 64 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
10 2 
8 74 QuadTec- OFF End of protocol   
5.2.3  pNPP test 
This test was performed as discussed in section 2.2.3.1, except the incubation 
temperature which was 40°C in here.  
5.2.4  Gel filtration of lipases 
The purified lipases were used for gel filtration analysis. The analysis was carried out 
both in superdex and sephadex column with bed volume of 320 and 15 ml based on 
the protocol shown in table 4.2 and 4.3, respectively.  Before loading the samples onto 
the column they were pre-equilibrated with 4 times of the bed volume by passing 0.15 
M NaCl in 50 mM PBS (pH 8) used as running buffer. The experiments were performed 
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at room temperature with flow rate of 2 and 0.5 ml/min for superdex and sephadex 
column, respectively. In all cases, the lipase samples were diluted appropriately with 
the running buffer. Bovine serum albumin (BSA) and lysozyme with molecular weight 
(m.w.) of 67 kDa and 14 kDa, respectively were used as standards for determining the 
molecular weight of the lipases. 
Table 5.2 Protocol for gel filtration using superdex column. 
Step 
No. 
Cumulative 
Volume (ml) 
Description Buffer Volume 
(ml) 
Flow rate 
(ml/min) 
1 0 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
4 2 
2 4 Zero Baseline QuadTec- ON   
3 4 Load/Inject 
sample 
Sample 4 2 
4 8 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
360 2 
5 368 QuadTec- OFF End of protocol   
Table 5.3 Protocol for gel filtration using sephadex column. 
Step 
No. 
Cumulative 
Volume (ml) 
Description Buffer Volume 
(ml) 
Flow rate 
(ml/min) 
1 0 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
2 0.5 
2 2 Zero Baseline QuadTec- ON   
3 2 Load/Inject 
sample 
Sample 0.5 0.5 
4 2.5 Isocratic Flow Buffer A- 100% 
Buffer B- 0% 
12 0.5 
5 14.5 QuadTec- OFF End of protocol   
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5.2.5  Dimer dissociation studies 
For superdex column, 125 μl of as purified lipase was added with 2.15 ml of urea (9.3 
M) and made up to 2.6 ml using running buffer. In case of studying NGr effects on 
dimers, 125 μl of MML was added with 10 μl of NGr and made up to 2.6 ml using 
running buffer, unless specified. For temperature studies, 125 μl of MML lipase was 
made upto 2.6 ml using running buffer, with and without NGr. The samples were 
incubated for 3 hours at different temperatures. Same protocol was used as stated in 
table 4.2. 
For sephadex column, 150 μl of MML lipases was added with appropriate NGr and 
made up to 500 μl using running buffer. All samples were incubated overnight and 
filtered using 0.45 μm pore nylon syringe filters, prior to gel filtration analysis. Same 
protocol was used as stated in table 4.3. 
 Results and discussion 
5.3.1  Characterisation of NGO and NGr 
As synthesised NGO and NGr were characterised by AFM and UV-Vis spectroscopy. 
AFM studies revealed NGO and NGr to be single layered with height profile of 1 and 
0.8 nm respectively (figure 4.1). The lateral size of both nanosheets was observed to 
be around 20 to 100 nm, which lies well within the range of nano graphenes. The 
particle size range was much smaller and more homogeneous than conventional GO. 
NGO height profile analysis showed the basal plane to be rougher than NGr which is 
due to the presence of oxygen functional groups. During the reduction of NGO to 
synthesise NGr, the oxygen functional groups on the basal plane is removed giving 
raise to smoother surface (Li et al., 2008).  
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Figure 5.1 AFM topography images of NGO and NGr. Height profile of 1 and 0.8 nm was observed for 
NGO and NGr respectively. 
UV-Vis spectroscopy for NGO had a peak around 227 nm which is blue-shifted in 
comparison to characteristic peak of GO at 230 nm (figure 4.2). This indicates a 
decrease in π-conjugated domains present on NGO (Luo et al., 2010). The shoulder 
around 300 nm was also observed due to the presence of oxygen functional groups 
on the basal plane of NGO (Paredes et al., 2008). After the reduction process, the 
solution turned black from golden yellow which correlates well with regular GO 
reduction by hydrazine method. Absorbance around 225 nm for NGO red shifted to 
265 nm for NGr due to increased sp2 domains (Zhang et al., 2012b). The 
disappearance of the shoulder around 300 nm was also observed due to the removal 
of oxygen functional groups from the basal plane during reduction of NGO. Another 
notable feature observed was an increase in absorbance from 600 to 800 nm due to 
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the reduction process. All the UV-Vis features for NGO and NGr related well with the 
regular GO and Gr solution. 
 
Figure 5.2 UV-Vis spectroscopy for NGO and NGr. Absorbance peaks at 227 and 265 nm was observed 
for NGO and NGr respectively. 
5.3.2  Purification of lipases 
Lipases were purified using macro-prep DEAE ion exchange resin which could then 
be used for gel filtration assays (figure 4.3). A lower conc. of buffer was used for 
lipases to adsorb onto the resin which was desorbed with higher conc. of buffer. The 
eluted samples were subjected to pNPP test, to determine the presence of lipase. 
From pNPP assay for eluted samples, it was observed that CalB, CRL and MML 
lipases eluted out between 300 to 600 s, 1200 to 1500 s and 1100 to 1300 s; 
respectively. This samples were further used for dimer formation studies. 
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Figure 5.3 Elution profile for lipases. a) Cal B, b) CRL and c) MML. Purification was carried out on 
macro-prep DAEA ion exchange resin.Dimer formation studies 
To determine whether the lipases formed dimers, gel filtration was carried out. Figure 
4.4 shows the elution profile for gel filtration of different lipases in superdex column 
along with the standards BSA (67 kDa) and lysozyme (14 kDa). BSA and lysozyme 
eluted around 72 and 125 min., respectively. CRL, MML and Cal B lipases eluted 
around 80, 87 and 96 min., respectively. In comparison to the standards elution time, 
the apparent m.w. for Cal B, CRL and MML lipases was calculated to be around 33, 
63 and 46 kDa, respectively. Monomers forms of Cal B, CRL and MML lipases have 
m.w. of 33, 63 and 23 kDa, respectively. Hence, from the elution profile it was observed 
that MML lipase formed bimolecular aggregates called dimers. From here on, MML 
lipase was used for further studies.  
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Figure 5.4 Gel filtration for lipases using superdex column. a) MML lipases were observed to form 
dimers with m.w. of 46 kDa and b) comparison of elution profile with the standards to determining the 
m.w. of the lipases. 
5.3.4  Dimer dissociation studies using superdex column 
In order to study if dimers of MML could be dissociated, the solution was subjected to 
urea which is known to denature the proteins (figure 4.5a). It was observed that lipase 
dimers were dissociated partly into monomers in presence of urea. Urea mediated 
dissociation of dimers had peak position at 87 and 95 min. corresponding to dimers 
and monomers, respectively. It is well known, that lipase dimers stability depends on 
the presence of disulphide bonds and hydrophobic interactions. In presence of urea 
the disulphide bonds are effected and thus monomer formation takes place (Awasthi 
et al., 2012). 80 % loss in activity was observed for the monomers which showed that 
lipases had become inactive due to denaturation. Once it was established that the 
dimers can be dissociated further studies was carried out using NGr (figure 4.5b). In 
case of NGr nanosheets mediated dissociation studies, elution profile showed a peak 
at 87 min. for dimers along with shoulder around 90 min. on the right of dimer peak. 
This shoulder was present due to the initiation of dissociation of dimers into monomers 
or due to presence of small amounts of monomer. 
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Figure 5.5 Gel filtration of dimers with different dissociating agents. a) urea and b) NGr.  Urea as 
dissociation agent showed peak was for dimers and monomers but NGr showed only a shoulder on the 
right of dimer peak due to small amount of monomers. 
For instance, when phospholipase C from Chlamydomonas reinhardtii species was 
subjected to gel filtration, similar shoulder for the monomer peak was observed 
(Awasthi et al., 2012). The effect of concentration on dimer formation was studied and 
it was observed that dilution of the phospholipase did not influence the dimer 
formation. Hence, from this it can be concluded that lower concentration of NGr tend 
to initiate the dissociation of dimers into monomers, although the fraction of monomers 
observed is less.  
NGr are known to have sharp edges which have antiviral properties (Ye et al., 2015). 
Also from simulation studies conducted by zhou’s research group have successfully 
shown that both GO and Gr can disrupt the protein-protein interactions in case of HIV-
1 integrase dimer, due to energetically favourable hydrophobic interactions. In here, 
lipase dimers are also formed by hydrophobic interaction, hence, we believe NGr can 
act as nano-scissors which is able to initiate the dissociation process of dimers into 
monomers at low concentrations. 
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5.3.5  Optimisation of sephadex column 
From the dimer dissociation studies using superdex column, lower NGr conc. was 
observed to help initiating dimer dissociation. In order to study the effect of higher 
conc. of NGr on dimers dissociation, sephadex column was packed and optimised. 
Higher NGr conc. possess a risk to contaminate the prepacked superdex column and 
hence sephadex column was packed and used. 
To achieve good resolution peaks it is necessary to optimise parameters such as 
sample loop, sample volume and flow rate for a column. The optimum sample loop, 
volume and flow rate was determined to be 500 μl, 150 μl and 0.5 ml/min, respectively 
(figure 4.6). It was observed that 1 % sample volume of the total bed volume gave the 
best resolution for the peaks. In terms of flow rate, it is advisable to have a good 
compatibility between resolution and running time 
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Figure 5.6 Elution profiles for lipases using sephadex column optimisation. (a-c) sample loop, (d-f) 
sample volume and (g-i) flow rate.  
5.3.6  Dimer dissociation studies using sephadex column 
In order to study the effect of increased conc. of NGr on dimer dissociation, sephadex 
column was used. Figure 4.7 shows the elution profile for standards, MML dimer and 
dimer with different NGr concentration. The elution time for BSA (67 kDa) and 
lysozyme (14 kDa) was around 12.5 and 20 min, respectively. Based on this the peak 
around 15 min. was calculated to be of 46 kDa, the m.w. of dimers. Upon increasing 
the concentration it was observed that the dimers tend to bind to NGr and elute out at 
around 25 min. With increasing conc. of NGr the amount of free dimers decreased. 
This shows the binding of lipase to NGr which could be in monomer form. It is well 
known that lipase bind to hydrophobic surface with the help of its hydrophobic lid which 
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also aids in dimer formation in absence of a hydrophobic support. We hypothesise, 
that dimer upon interaction with NGr breaks into monomers exposing the hydrophobic 
lid and hence, binding to hydrophobic domains on NGr. The binding with NGr may well 
be the reason for the absence of monomer peaks in the gel filtration column. Due to 
this, further investigations is warranted to show the dimer dissociation into monomers 
with NGr. 
  
Figure 5.7 Gel filtration for lipases using sephadex column. a) standards (BSA and lysozyme, b) dimer, 
dimer with c) 20 μl  and d) 100 μl NGr. 
5.3.7  Effect of temperature on lipases 
Proteins at high temperatures are known to aggregate or precipitate due to thermal 
denaturation (Baldwin, 1975). At high temperatures the proteins partially unfold 
exposing the hydrophobic portion and forms thermodynamically stable structures due 
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to hydrophobic interaction leading to protein aggregation (Klibanov and Mozhaev, 
1978). Previously, it has been reported that carbonic anhydrase B (CAB) enzyme 
tends to aggregate at temperatures around 64° C due to breakage of hydrogen bonds, 
thereby exposing the hydrophobic sites which causes aggregation (McCoy and Wong, 
1981). Also, lipases from Bacillus subtilis have been shown to aggregate upon heating 
at temperatures above 50° C (Kamal et al., 2011). This aggregation was observed to 
be dissociated with denaturants like urea or guanidinium hydrochloride (Kamal et al., 
2015). Similarly, MML lipase is known to aggregate around 50° C due to intermolecular 
interactions between hydrophobic residues (Noel and Combes, 2003). In order to 
study the effect of temperature on lipases, they were subjected to temperatures from 
30 to 60° C for 3 hours and gel filtration was carried out (figure 4.8). From the elution 
profile it was observed that the lipases tend to aggregate at high temperatures. The 
lipases did not have any effect at 30° C, but when exposed to higher temperatures 
they tend to aggregate. Once aggregation was observed, the effect of temperature on 
lipases in presence of NGr was studied. It was observed that NGr was able to prevent 
aggregation of lipases at 40° C until 50° C, thereby increasing the denaturation 
temperature by 10°C. This increase in aggregation temperature is due to presence of 
hydrophobic domains on NGr which adsorbs the denatured lipases and avoids 
intermolecular aggregation of lipases. Previously, studies were conducted for 
Pseudomonas cepacia lipases to prevent aggregation and increase thermal stability 
in presence of polysaccharide nanogels (Sawada and Akiyoshi, 2010). This nanogels 
also increased the denaturation temperature upto certain extent due to complexation 
between the nanogels and lipases. Also, temperature sensitive polymers was used to 
increase the thermal stability by encapsulating lipases in the polymers (Tao et al., 
2013). In here, lipase molecules were isolated from each other which prevented the 
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intermolecular aggregation. Similarly, CAB enzyme was protected against thermal 
denaturation by temperature sensitive polymer due to formation of nanoscale 
aggregates (Tao et al., 2011). Even though this materials are already studied, they 
require complicated procedures in terms of fabrication which is a major drawback. Our 
procedure uses NGr which is easily synthesised at large scale with high hydrophobic 
domains and large surface area to prevent the interaction between exposed 
hydrophobic residues in lipases resulting from thermal denaturation. NGr plays dual 
role in case of lipases, one in initiating dimer dissociation process and other in 
preventing aggregate formation at high temperatures. In both the cases hydrophobic 
interactions appears to be the main driving force.  
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Figure 5.8 Effect of temperature on MML lipases with and without NGr. Dimers were observed to 
aggregate at high temperatures. This aggregates was dissociated with NGr at 40° C.  
 Conclusions 
Sharp edges and hydrophobic nature of NGr was used to study its effect on dimer 
dissociation. Gel filtration was carried out to investigate the dimer dissociation using 
superdex and sephadex column. Low concentration of NGr showed to initiate dimer 
dissociation by disruption of hydrophobic interactions in dimers. When the 
concentration of NGr was increased it was observed that dimers bind to the 
hydrophobic domains on NGr, which may be in the form of monomers as hydrophobic 
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lid needs to be exposed for binding. Also, increase in temperature showed formation 
of aggregates which could be prevented with the help of NGr upto certain extent. An 
increase in aggregation temperature of 10° C was observed in presence of NGr. Even 
though we propose the dimer dissociation using NGr, further investigation is required 
using nuclear magnetic resonance and heteronuclear singular quantum correlation 
which can identify the NGr binding sites on the dimer interface and chemical shift in 
the dimer backbone after dissociation, respectively. Also studies using tailor made 
hydrophobic NGr would aid in better understanding the effect of hydrophobicity on 
dimer dissociation and aggregation process; and development of large scale industrial 
biocatalysts with high thermal stability and activity.   
Enzyme Architectonics on Graphene Oxides 
125 
 
 
 
 
Chapter 6: Electroactive Multilayer Proteins within a 
Graphene Based Nano-assembly 
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 Introduction  
The integration of biomolecule-nanoparticle hybrid systems with surfaces paves the 
way for the generation of ordered architectures with new functionalities. Such hybrid 
nanostructured materials, which exhibit unique electronic, photonic, and catalytic 
properties, with biomaterials, display unique recognition, catalytic, and inhibition 
properties, yields novel hybrid nano-biomaterials of synergetic properties and 
functions (Katz and Willner, 2004). As we transition into the next generation of 
bioelectronics, there is an increasing demand for a variety of novel two-dimensional or 
quasi-two-dimensional soft materials which can be further translated into functional 
materials (Ahn et al., 2009, Ahn et al., 2006). Can one put one functionalised graphene 
sheet after sheet on top of one another and thus create a gradual transition from a 2D 
sheet to a (thin) 3D layered material? This would open up the attractive possibility to 
systematically explore the dependence of the properties on the thickness and compare 
the results with multilayered stacks obtained from non-covalently bound monolayers 
(Sakamoto et al., 2009). Do the properties change linearly with each added layer? 
Since such sheets could be used to cover solid surfaces with essentially one layer of 
organic matter, the question arises as to whether such a process would have any 
potential advantage over the self-assembled monolayer (SAM) technique. Multilayer 
systems, which are composed of proteins and nanoparticles and assembled on solid 
supports (He et al., 2004), have been fabricated by the layer-by-layer deposition of the 
biological and inorganic components (Decher, 1997). In this approach a layer of 
charged nanoparticles is deposited onto an oppositely charged surface using 
electrostatic attraction. A layer of nanoparticles covering approximately 30% of the 
surface is formed. The limited coverage of nanoparticles results due to the interparticle 
electrostatic repulsion. The charged group on the nanoparticles is then displaced by a 
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molecular species that is capable of binding to more nanoparticles. By repeating this 
process three-dimensional ensembles of nanoparticles can build up. Although the 
nanoparticle ensembles are not formed in an ordered manner, the main limitations of 
these films is that each adsorption cycle requires between 2 to 24 hrs which limits the 
film thickness that can be realistically build up.  
Herein, we reported an extremely simple and effective way to build up multilayer 
proteins structures using grapheme as a soft building blocks substrate and 
microperoxidase-11 (MP-11). MP-11 is a small proteins with 11-amino-acid sequence 
that contains a heme centre and is derived from the proteolytic digestion of heme 
proteins which is porphyrin derivatives (Ruzgas et al., 1999). As one of heme peptide 
molecules, MP-11 have several superficial and very attractive properties compared 
with those of porphyrin. These are: aqueous solubility, a weaker tendency to 
aggregation, the availability of a few chemical functionalities for covalent coupling or 
modification, as well as relative simplicity of the structure exhibiting enzymatic activity 
(peroxidase) which is beneficial for a simplified theoretical description of different 
phenomena, e.g., structure-function relationship  and, or modelling of a biomolecule 
behaviour at interfaces, i.e. adsorption on solid surfaces and, electrochemical redox 
conversion, and catalysis in organic solvents and—graphene sheets as new two-
dimensional carbon sheet with a carbon atom thickness have attracted great interest 
due to their superior mechanical, electrical, and thermal properties (Li and Kaner, 
2008, Tung et al., 2009, Rao et al., 2009). The two-dimensional graphene sheet of 
sp2-hybridised carbon offer great opportunity for molecular self-assembly for hybrid 
nanostructured materials (Sakamoto et al., 2009, Lu et al., 2009). Since chemically 
converted graphene (CCG) sheets in aqueous dispersion are negatively charged (Li 
et al., 2008), it is expected that CCG sheets can act like a 2D conjugated 
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polyelectrolyte and cationic heme can be assembled onto their surfaces through 
electrostatic and π−π stacking interactions (Su et al., 2009b). 
 Materials and methods 
6.2.1  Synthesis of chemically converted graphene 
In a typical procedure, graphite oxide was synthesised from natural graphite powder 
(SP-1, Bay Carbon, Bay City, MI, USA) using a modified Hummers method. After being 
purified by filtration and subsequent dialysis or by several runs of 
centrifugation/washing, graphite oxide was exfoliated into water by ultrasonication for 
30 min using a Branson digital sonifier (S450D, 500 W, 30% amplitude). The obtained 
GO was diluted to 0.25 mg/ml. With the pH of the dispersion adjusted to 10 using 
ammonia and the solution surface covered with a thin layer of mineral oil, the 
dispersion was then subjected to reduction by hydrazine at ca. 95° C for 1 h. 
6.2.2  Preparation of CCG/MP-11 conjugate 
In a typical experiment, CCG was synthesised from natural graphite powder by a 
modified Hummers method (Li et al., 2008). 2 mg (0.1 mM) of MP-11 were added to 
10 ml (0.1 mg/ml) of CCG dispersion for 1 h. A homogeneous redish dispersion with 
a small amount of black precipitate was obtained. The original dispersion was 
centrifuged to remove the precipitate to yield a stable red supernatant. The stable red 
supernatant was filtered through a cellulose acetate membrane (0.22 μm pore size) to 
produce a film consisting of MP-11functionalised CCG sheets, and the film was 
repeatedly washed with Mill-Q water. The filtrate was detected to contain MP-11 by 
UV−visible spectroscopy, indicating that an excess free MP-11 existed in the original 
dispersion. Free-standing CCG/MP-11 were prepared by vacuum filtration CCG/MP-
11 dispersion through an anodisc membrane filter (47 mm in diameter, 0.2 μm pore 
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size, Whatman). Electrochemistry experiment was carried out by BAS 100B. UV-Vis 
absorption spectra were measured with a Carry 500 UV-vis spectrophotometer 
(Varian). 
6.2.3  Ordered graphene hydrogel film preparation 
To prepare the ordered graphene hydrogel (OGH) film, a certain amount of CCG 
dispersion (0.37 mg mL−1) was filtered through a mixed cellulose esters filter 
membrane (47 mm in diameter, 0.05 μm pore size, Millipore) by vacuum filtration. The 
vacuum was disconnected once no free CCG dispersion was left on the filtrate cake. 
The filtrate cake is called as the OGH film here on, which was then immediately 
transferred to a petri dish and immersed in water overnight to remove the remaining 
ammonia and unreacted hydrazine. Relatively thick films were carefully peeled off from 
the filter membrane using tweezers and were used for most measurements. All of the 
OGH films were stored in water prior to use to prevent the water evaporation. The films 
were cut into certain sizes using a razor blade for various tests. 
The self-assembly of MP-11was prepared and transferred on the surface of CCG 
paper by dip-coating. Then the papers were cut into small pieces of specific 
dimensions as electrodes for electrochemical reduction. Since individual sheets of GO 
are sufficiently larger than the pore dimension, growth occurs by creating a uniform 
continuous thin film of a single layer first and then by building additional layers on top. 
During filtration, as one pore becomes clogged, the permeation through the adjacent 
pore is enhanced until it is closed by a GO sheet and the process continues until a 
uniform layer is obtained. Once a continuous monolayer of CCG sheet is obtained, the 
deposition of additional layers is hampered due to a dramatic reduction in the 
permeation rate. Since the pores are not uniformly distributed on the filter membrane 
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and the GO sheets are irregularly shaped with a distribution in sizes, several sheets 
from several nearby pores can overlap, giving rise to regions consisting of 3-5 layers 
among single monolayer. 
6.2.4  Atomic force microscopy  
For AFM imaging, The parameters were setup as discussed in section 2.2.6 
Appropriately, diluted solution was drop casted on freshly cleaved mica surface and 
allowed to dry at room temperature overnight.  
6.2.5  UV-Vis spectroscopy 
MP-11 was dissolved in HEPES buffer to a concentration of 1X10-3 M and added with 
different concentration of CCG (0.5 mg/ml). The samples were titrated against each 
other with keeping either MP-11 or CCG conc. same throughout. Table 5.1 
summarises the samples for titration against CCG and table 5.2 summarises the 
samples for titration against MP-11. The parameters were setup as discussed in 
section 2.2.7 
Table 6.1 Sample preparation for titrating MP-11 against CCG. 
MP-11 (μl) CCG (μl) dH20 (μl) Total (μl) 
100 0 900 1000 
100 100 800 1000 
100 200 700 1000 
100 300 600 1000 
100 400 500 1000 
100 500 400 1000 
100 600 300 1000 
100 700 200 1000 
100 800 100 1000 
100 900 0 1000 
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Table 6.2 Sample preparation for titrating CCG against MP-11. 
MP-11 (μl) CCG (μl) dH20 (μl) Total (μl) 
100 0 450 550 
50 100 400 550 
100 100 350 550 
150 100 300 550 
200 100 250 500 
250 100 200 550 
300 100 150 550 
350 100 100 550 
6.2.6  Circular dichroism spectroscopy 
MP-11 solution was prepared in PBS buffer (100 mM, pH7) of conc. 1X10-3 M. This 
solution was added with different volume of CCG (0.5 mg/ml) and was studied for 
secondary structure changes. The samples were diluted appropriately. The 
parameters were setup as discussed in section 2.2.8 
6.2.7   Water contact angle  
Measurements were performed at 23+1ºC using a DSA10-MK2 contact angle 
analyser.  Sessile water drops of 10 μl were used for advancing contact angle. 
6.2.8  Electrochemistry 
All electrochemical experiments were performed in a cell with 1 ml volume using an 
Ag/AgCl/1M KCl reference electrode and a Pt-wire counter electrode. All potentials 
reported here refer to this reference electrode. As working electrode, a modified 
grapheme electrode was used. All cyclic voltametric (CV) experiments were performed 
with the BAS 100B. 
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6.2.9  X-ray photoelectron spectroscopy  
A photoelectron spectroscopy (XPS) system, (model: SPECS-XPS, from SPECS, 
Germany) was used to analyse the element concentration and binding energies of the 
grapheme materials.  The XPS system was equipped with a PHOIBOS 150-9 MCD 
energy analyser.  Al K-alpha X-ray source (1486.74 eV) was used in the analysis.  The 
X-ray incidence angle was 45° to maximize the penetration depth. 
6.2.10  Molecular dynamics simulations 
MD simulations were performed on a system consisting of a zwitterionic MP-11 
molecule with a heme ring, a single rigid graphene sheet with dimensions 6.717 u 
53.96 Å2, and a 0.15 M NaCl aqueous solution. The number of water molecules was 
around 7200 and an excess of 1 sodium ion was added to the system in order to 
maintain charge neutrality. Periodic boundary conditions were applied in all three 
directions with the box dimensions in the horizontal plane set to fixed values 
determined by the size of the graphene sheet, while the box height was initially set to 
around 60 Å. 
The CHARMM27 potential energy model (MacKerell Jr et al., 1998, MacKerell et al., 
2004) was used for force and energy calculations, while water molecules were 
represented using the TIP3P model (Jorgensen et al., 1983). Carbon atoms of the 
graphene sheet were kept fixed throughout the simulations, with their partial charge 
set to zero and Lennard-Jones parameters taken from aromatic C atoms of the 
CHARMM27 force field. Bond lengths involving hydrogen atoms were maintained at a 
fixed length using the Shake algorithm (Ryckaert et al., 1977). Non-bonded 
interactions were cut off at 12 Å with a switching function applied for smoothing of 
interactions between 10 and 12 Å (Brünger, 1992). Long-range electrostatic 
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interactions were calculated using the particle-mesh Ewald summation approach 
(Darden et al., 1993) with a mesh spacing of 1 Å. 
A total of 56 simulations were performed. Each of these had the initial peptide 
conformation selected from uncorrelated structures of a separate bulk phase 
simulation. The peptide was initially placed centrally within the simulation box with its 
centre of mass at a distance of around 30 Å from the graphene sheet. Water molecules 
wholly overlapping with the peptide were removed and unfavourable steric interactions 
with the surrounding water were eliminated using conjugate gradient energy 
minimisation for 3000 to 5000 steps as provided in version 2.9 of the NAMD software 
(Phillips et al., 2005). 
All subsequent MD simulations were conducted using the same package. They were 
run in the NpT-ensemble in which the temperature was maintained at 300 K using the 
Langevin thermostat (McQuarrie, 1973) with the damping coefficient of 1 ps-1 applied 
to heavy atoms, whilst the pressure was kept at 1 atm with the Langevin piston Nose-
Hoover method (Martyna et al., 1994, Feller et al., 1995) in which the piston oscillation 
period was set to 100 fs, and the damping time scale to 50 fs. A time step of 2 fs was 
used in integrating equations of motion and systems snapshots were saved every 
1000 steps. The time for each simulation ranged from 24 to 140 ns depending on how 
long it took for the peptide to initially engage substantially with the graphene surface; 
the cumulative time of all the simulations was 4.5 μs. 
 Results and discussion 
We first constructed functionalised CCG with MP-11 attached as shown in figure 5.1.   
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Figure 6.1 Schematic illustration of a) electron movement through CCG/MP-11 film and b) CCG/MP-
11 conjugate. 
6.3.1  CCG/MP-11 conjugate characterisation 
6.3.1.1  UV-Vis spectroscopy 
Positions of the soret absorption bands for heme provides useful information about the 
microenvironement of heme upon binding (Irace et al., 1986). Figure 5.2a shows the 
spectrum of the aqueous solution of MP-11 features an intense soret band at 400 nm 
and a new soret band at 410 nm appeared after self-assembling of CCG and MP-11. 
It is clear from figure 5.2a that the soret band of the MP-11/CCG complex formed 
exhibits a large bathochromic shift (10 nm), which indicated the formation of a new 
species with well-defined structure between CCG and MP-11 (Xu et al., 2009).  
 
Figure 6.2 UV-Vis spectroscopy for MP-11/CCG conjugate. a) MP-11 with increasing concentration of 
CCG. Soret band was observed at 400 nm which shifts with increasing CCG concentration and b) CCG 
with increasing concentration of MP-11. The soret band gets sharper and shifts back to 400 nm after 
CCG binding sites gets saturated.  
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The peaks get broader with increase in CCG concentration indicating that the 
microenvironment for heme group in immobilised form is different from that of the 
solution form (Huang et al., 2001a). Similar results have been obtained for MP-11 
binding with cationic lipid vesicles (Huang et al., 2001a). This binding could be 
attributed due to π-π interaction (Geng and Jung, 2010a). Increase in conc. of CCG 
does not affect the binding to MP-11. Studies conducted with rhodamine on GO also 
showed similar results (Zhang et al., 2011b). The effect of increasing the MP-11 
concentration and maintaining a constant concentration of CCG was also studied as 
shown in figure 5.2b. The spectrum shows that after a particular conc. of MP-11, the 
peak shifts back to 400 nm. This is due to the result of decrease in surface area 
available for MP-11 binding with CCG as conc. of MP-11 increases. The peaks gets 
narrower and sharper together with shifting back to 400 nm as MP-11 conc. increases. 
After a particular conc. of MP-11 with CCG the spectra only shows the presence of 
MP-11 and not the binding between CCG and MP-11.  
6.3.1.2  CD spectroscopy 
In order to study the change in secondary structure of MP-11 CD spectroscopy was 
carried out. CD spectra showed only random coil conformations (Santucci et al., 1995). 
Previous results for spectroscopic studies for MP-11 showed similar random coil 
confirmation at a wavelength of 205 nm (Huang et al., 2001a). After binding of MP-11 
to CCG, some features of α helical content are observed (figure 5.3). A less 
pronounced minima at 222 nm is observed which is due to the n-π* amide transitions 
(Greenfield, 1996). This gives a proof for some secondary structural changes taking 
place in MP-11 after binding. In case of MP-11 binding to lipid membrane a dramatic 
change was observed at 209 and 222 nm (Huang et al., 2001a). Such dramatic 
changes was not observed in case of CCG binding. As there was no significant loss 
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in secondary structure was observed, it could be concluded that MP-11 native 
structure is not much influenced by presence of CCG. 
 
Figure 6.3 CD spectroscopy for MP-11 (red) and MP-11 with CCG (blue). Secondary structure changes 
from random coil to α helix content was observed. 
6.3.1.3  AFM measurements 
 
Figure 6.4 AFM images of CCG (a) and CCG/MP-11 hybrid (b). An increase in height profile was 
observed from 0.8 nm to 3 nm after successful binding of MP-11 to CCG. 
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Figure 5.4 shows the atomic force microscopic (AFM) images of CCG and MP-11 
functionalised CCG. The samples used for AFM studies were prepared by depositing 
the corresponding dispersions on new cleaved mica surfaces and dried under vacuum 
at room temperature.  The cross-sectional view of the typical AFM image of CCG/MP-
11 (figure 5.4, left) indicated that the average thickness sheets is  about 3 nm, height 
increase after MP-11 coating on CCG.  
This indicated that probably only a monolayer of closed packed MP-11 is absorbed on 
CCG. If we assume that monolayered MP-11 molecules covered both sides of CCG 
sheet with offset face-to-face orientation via π−π interactions, the estimated distance 
between MP-11 and the CCG sheet is 3 nm. Accordingly, the average thickness of the 
CCG sheet in the MP-11 functionalised CCG layer can be derived to be 1 nm. We 
expect form a sandwich-like nanostructure that these sheets are uniformly CCG 
monolayers after considering there is a low content of unreacted functional groups in 
MP-11. 
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6.3.2  XPS analysis    
 
Figure 6.5  XPS spectra of CCG multilayer a) survey and b) high resolution spectra of c1S. 
Figure 5a shows the survey scan of a CCG multilayer sample.  As expected the sample 
contained mainly carbon with small content of oxygen and nitrogen.  The atomic ratios 
of carbon, oxygen and nitrogen were calculated as 83.5:13.0:3.5. The detailed C 1s 
region for the CCG multilayer is shown in figure 5b.  The asymmetric spectrum of the 
surface indicates a wide range of carbon bonding configurations. Such heterogeneous 
spectra are typical of grapheme (reference, for example, the supplementary file you 
sent me) because it contains a wide range of local bonding environments such as C-
C (284.5eV), C-N (285.8eV), C-O (286.6eV), C=O (287.8eV), and C=O-C (289.0eV).   
Figure 5.6a shows the survey scan of a MP11-CCG-MP11 multilayer sample.  
Compared with CCG sample, the contents of oxygen and nitrogen were much higher.  
The additional small peaks corresponding to Fe 2p and S 2s (or S 2p) are evidenced.  
The atomic ratios of the elements carbon, oxygen, nitrogen, iron and sulfur were 
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calculated as 73.96:14.95:10.67:0.46:0.96. The detailed C 1s region for the MP11- 
CCG -MP11 multilayer is shown in figure 5.6b.  The hump at larger binding energy 
was resulted from C=O and C=O-C bonding environments in MP11 proteins.  The 
shape of C 1s is very similar to those of proteins.  This is not surprising as the content 
of the MP11- CCG -MP11 multilayer was dominated by MP-11 proteins. We can 
compare our multilayer material with an ideal MP11-CCG-MP11 multilayer material.  It 
is reasonable to assume that a MP-11 protein takes a space of 1.5nmx1.5nmx1.5nm. 
Using graphite density data, we can also estimate that single CCG layer with a 1.5 
nmx1.5 nm area has 82.9 carbon.  If we further eliminate the uncertainty from oxygen, 
we can calculate that the theoretical atomic ratios of carbon, nitrogen, sulfur and iron 
in the ideal CCG/MP-11 multilayer material would be 84.46:13.51:1.35:0.68.  Without 
considering oxygen, the atomic ratios of carbon, nitrogen, sulfur and iron in our MP11-
CCG-MP11 multilayer were 85.78:12.54:1.13:0.54, which are very close to the 
theoretical values for the ideal CCG/MP-11 multilayer material. The coverage of the 
MP-11 proteins on both sides of the CCG can be calculated using the sulfur and iron 
ratios as 81+3 %.  XPS analysis suggested that our CCG multilayer material was same 
or similar to those reported in literature.  The MP-11-CCG-MP-11 multilayer material 
had protein coverage about 80%, very close to theoretical value. 
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Figure 6.6 XPS spectra of MP-11-CCG-MP-11 multilayer a) survey and b) high resolution spectra of 
c1S. 
6.3.3  MD simulation studies 
In order to understand the MP-11 binding on graphene surface, MD studies were 
carried out. A straight forward way to characterise the adsorption of a molecule at a 
solid interface is by observing the position of its centre of mass in relation to the 
graphene surface. Properties of MP-11 adsorbed at graphene are, however, also 
determined by the position and orientation of its heme ring. Our observations (results 
not shown) indicate that the geometric relationship between the heme ring and the 
rest of the MP-11 molecule is well characterised by the orientation of the bond between 
the Fe atom of the ring and the Nε atom of the His side chain. Furthermore, for the 
graphene surface fixed in the xy-plane, the distance between MP-11 and the surface 
can also be characterised using the z-coordinate of the Fe atom. We have, therefore, 
decided to describe the adsorption of MP-11 using a combination of the height of the 
Fe atom, z, and the angle between the vector that connects Fe and His Nε atoms and 
the normal to the graphene surface, ϕ, as shown in figure 5.7. 
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Figure 6.7 MP-11 molecule with the degrees of freedom relevant to the description of its adsorption 
represented with arrows. The pink arrow between the graphene sheet and the heme Fe atom denotes the 
z-coordinate of the Fe atom. The green arrow with the origin at Fe represents the surface normal vector, 
while the blue arrow from Fe to Nε of the His side chain represents the Fe-Nε bond. The adsorption is 
characterised by the length of the pink arrow and the angle between blue and green arrows. 
Using variables z and ϕ described above, every configuration saved during simulations 
can be assigned a precise location corresponding to a point in the z-ϕ coordinate 
system. By plotting these points from all snapshots, it may be seen that configurations 
of the adsorbed MP-11 molecule tend to group in distinct clusters. By discretising the 
z-ϕ plane into rectangular patches of 0.05 Å and 0.5° in size, and counting the number 
of MP-11 configurations belonging to each patch, it is possible to construct a 2D 
probability density histogram shown in figure 5.8. Line contours shown in the figure 
denote boundaries of regions in which the probability density was observed to be 
considerably higher than in the rest of the z-ϕ space. 
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Figure 6.8 Probability density plot of MP-11 configurations. It is described by the distance of the Fe 
atom from the surface, z, and the angle between the Fe-Nε bond and the surface normal, ϕ. Darker 
patches correspond to higher probability density. The contour is used to connect points for which the 
probability density is equal to 6.5u10-10 Å-1°-1. Numbers 1 to 6 denote six contiguous regions with 
highest probability density. 
For the clustering analysis, we have discarded those regions that consist of only a few 
contiguous rectangular patches surrounded by the iso-level contour, and have instead 
focused on the six largest segments denoted by numbers 1 to 6 in figure 5.8. 
Representative structures for each of these six clusters of adsorbed MP-11 
configurations are shown in figure 5.9. It may be readily noticed that in none of these 
configurations is the heme ring positioned directly between the peptide and the 
graphene sheet (i.e. adsorption of MP-11 does not appear to occur solely through the 
heme ring). As hinted at by the low z-values of the first three clusters, these 
configurations see the heme ring edge-on to the graphene sheet to a greater or lesser 
extent. The remaining three clusters see the heme ring sitting above the peptide (i.e. 
the MP-11 adsorbed to the graphene sheet through its peptide). 
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Figure 6.9 Representative structures of adsorbed MP-11 configurations assigned to one of the high 
probability clusters. Structures from regions 1-3 are shown from left to right in the top row, while those 
from regions 4-6 are shown in the same order in the bottom row. Graphene sheet, water molecules and 
ions are omitted for clarity, but in all of the snapshots the graphene sheet is below the MP-11 molecule. 
In addition to the peptide atoms, its backbone is shown using a pipe cartoon. 
In order to quantify the relative probability of finding the MP-11 molecule in these six 
configurational clusters, we have counted the snapshots that belong to each of them 
over the entire 56 simulations and divided the number of counts for each cluster with 
the total number of counts from all six. Probabilities assigned to each of the six distinct 
configurational regions are shown in figure 5.8. As indicated by figure 5.8, cluster 3 
appears to be dominant, accounting for almost 70% of the number of structures 
observed in these six regions. Furthermore, combined contributions of the first three 
clusters, those in which the heme ring is positioned side-on, exceed 80%. While this 
result on its own has significant implications for electron transfer between MP-11 and 
the graphene sheet, the finer details of configurational clustering and the 
conformational changes of the peptide backbone will be a subject of a more detailed 
future study. 
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Table 6.3 Configurational clusters defined in figure 5.8 described by positions of their probability 
density peaks in the z-ϕ plane and relative probabilities. 
Cluster zmax (Å) ϕmax (°) Probability (%) 
1 6.7 132 10.2 
2 7.4 42 3.1 
3 8.6 99 69.8 
4 11.4 142 14.8 
5 12.6 136 1.5 
6 15.2 145 0.3 
6.3.4  Wetting angle measurements  
 
Figure 6.10 a) Free standing CCG/MP-11 film and b) Cross section imaging of CCG/MP-11 film. 
We fabricated three-dimensional superstructures, multilayer-arrays consisting of CCG 
and MP-11), were assembled and transferred on transparent ITO conductive glass 
supports. Filtration of 0.1 mg/l aqueous MP-11/CCG dispersion through a membrane 
filter yielded a free-standing and flexible MP-11/CCG film (figure 5.10a).The thickness 
of the film can be adjusted by the volume and concentration of MP-11/CCG dispersion. 
The cross-sectional view of the MP-11/CCG film imaged via scanning electron 
microscopy (SEM) clearly indicated its well-packed layered structures (figure 5.10b). 
As MP-11 is super hydrophilic, it has measurable water contact angle of 38°. On the 
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contrary, the CCG film is hydrophilic due to the prevailing CO bonds in the sheet. Its 
water contact angle was measured to be 81° (figure 5.11). 
 
Figure 6.11 Water contact angle measurements of a) CCG and b) MP-11. 
6.3.5  Electrochemistry 
As a simple and efficient technique for making macroscopic assemblies from a 
suspension of solid particles, filtration has been widely used (Raguse et al., 2002, 
Yang et al., 2011, Eda et al., 2008). Filtration is a routine technique widely used for 
separating suspended particles from liquids. It has been recently demonstrated that 
ultra-strong graphene paper can be formed simply by vacuum filtration of graphene 
dispersions, followed by drying.10 However, the structural evolution mechanism of 
CCG sheets during the filtration process has remained unclear. Given that the 
concentration of the remaining CCG solution usually increases as water is being 
filtered out, we surmised that CCG could gel during the filtration process. 
The formation of a multilayer assembly of proteins is essential for construction of a 
protein based bio-interface such as a biosensor. However, it has to be test whether 
the protein molecules within CCG layers can communicate electrochemically with 
electrode. Control experiments showed only the response of a CCG electrode, which 
demonstrates that both MP-11 and CCG are necessary for a successful formation of 
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the multilayer protein assembly, in which either the CCG or the MP-11 solution was 
replaced by buffer (figure 5.12). 
 
Figure 6.12 Cyclic voltammetry for MP-11/CCG conjugate and free MP-11. conjugate in 0.05 M 
phosphate buffer solution at pH 7.0 containing 0.05 M KCl under argon gas at a scan rate of 100 mV 
s-1 versus Ag/AgCl. 
 The voltammetric investigation of the multilayer electrodes showed a quasi-reversible 
electron transfer between proteins molecules immobilised within assembly and CCG 
electrode. Cyclic voltammetry revealed that the increase in protein loading on the CCG 
paper electrode corresponds to an increase in amount of MP-11 molecules. Repeated 
dip-coating steps resulted in an enhancement of the voltammetric peak area allowing 
for a quantification of the electroactive protein amount (figure 5.13). We found 
multilayer structure containing up to 30 protein layers showed a quasi-reversible 
electron transfer to the electrode, with a high reproducibility. Electrochemical studies 
using cyclic voltammetry showed that the increase in MP-11/CCG loading on the 
electrode corresponds to an increase in the electrode-addressable amount of MP-11.  
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Figure 6.13 Electroactive protein on CCG layers. a) Quantification of electroactive protein content 
based on graphene layers and b) cyclic voltammograms of CCG/MP-11 thin films made by various 
amount of CCG/MP-11 conjugate in 0.05 M phosphate buffer solution at pH 7.0 containing 0.05 M KCl 
under argon gas at a scan rate of 100 mV s-1 versus Ag/AgCl. 
 
Figure 6.14 Cyclic voltammograms of CCG/MP-11 thin films in face to face orientation and EDC 
treated assembly. 
Face-to-face orientation is considered as the most efficient pathway for electron 
transfer with MP-11 reaction partners. An approach to limit the flexibility of the 
assembly is the interconnection of the building blocks by a cross-linking agent. In this 
study EDC was used to activate carboxylic groups and interconnect them with 
available amino groups within the assembly. As a result, a clear decrease in the 
electrode-addressable amount of MP-11 was found as shown in figure 5.14. 
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Additionally, the peak separation increased drastically, indicating a much slower 
electron transfer within the EDC-treated assembly. This drop in electron-transfer rate 
would again point to an active involvement of cyt.c in the electron transport. 
6.3.6  Hydrogen peroxide detection 
We then investigated the electrochemical properties of the thin films which were 
transferred onto grapheme papers. As for electrochemistry of MP-11, in addition to the 
aforementioned properties, the fact that the active site (iron protoporphyrin IX) is not 
shielded by a polypeptide is recognized in electrochemical studies of ET of heme 
peptides. An obvious possibility of direct contact between an electrode and the heme 
in microperoxidase is expected to result in an easy realization of a fast ET between an 
electrode and the heme peptide. Rapid interfacial electron exchange is undoubtedly 
important for construction of fuel cells and, high efficiency artificial photosynthesis 
systems or sensors for determination of rapidly degrading analytes such as oxygen 
radicals and nitric oxide. The multilayered MP-11/CCG systems act as electrocatalysts 
for the reduction of H2O2. The number of MP-11 and CCG layers associated with the 
electrode controls the resulting electrocatalytic currents. The controllable number of 
MP-11/CCG layers associated with the electrode enables the control of the 
effectiveness of the electrocatalytic process and tuning of the sensitivity of the H2O2-
sensing interface. Electrochemical studies using cyclic voltammetry showed that the 
increase in MP-11/CCG loading on the electrode corresponds to an increase in the 
electrode-addressable amount of MP-11 (figure 5.13b). The mechanism behind the 
electron transport over longer distances is an interesting aspect of the system studied. 
Several experiments indicate a protein–protein electron transfer within the multilayer 
assembly as the main pathway molecules. The results indicate that the array exhibits 
three-dimensional conductivity, and that MP-11 in the different layers is able to 
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communicate electrically with the electrode. Realizing that MP-11 is an electrocatalyst 
for H2O2-reduction, figure 5.15 shows the electrocatalytic cathodic currents obtained 
upon the interaction of the MP-11 /CCG layers with an aqueous 5 mM H2O2 solution. 
So three-dimensional superstructure consisting of multilayer electroactive proteins can 
be as an electrocatalyst. The three-dimensional conductivity of the array, and the 
possibility of organizing a controllable number of electrocatalyst layers, allows us to 
tune the effectiveness of the electrocatalysed reduction of H2O2 and the sensitivity of 
the sensing interface (Wang et al., 2011a). 
 
Figure 6.15 Electrocatalytic cathodic currents for different CCG/MP-11 layers with 5 mM H2O2. 
 Conclusions 
The self-assembly graphene/proteins materials presented here are the largest 
functional CCG samples produced to date and can be readily processed in a reliable, 
scalable method. This technique is extremely versatile and can be used to create a 
myriad of coatings and geometries necessary for device applications and a full range 
of characterisation techniques. We believe that the large scale of these single sheets 
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represents a breakthrough in fabrication and could pave the way for new and 
innovative experiments on bio-functional graphene. We demonstrated the capability 
of CCG as the spacer to assemble electrochemically functionalised nanostructures 
onto electrodes with layer-by-layer chemistry in a controllable and easily reproducible 
manner. The assembled nanostructures possess advantages, such as excellent 
electrocatalytic activity, high conductivity, and high surface area, benefitting both from 
the electroactive or electrochemically useful components and from the CCG spacer. 
These properties allow the graphene-based multilayered nanostructures to serve as 
electronic transducers for molecular bioelectronic devices such as biosensors and 
biofuel cells. This study essentially allows a simple, controllable approach to the 
development of electrochemically useful nanostructures with promising applications in 
the future development of molecular bioelectronic devices such as biosensors and 
biofuel cells.
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Chapter 7: Graphene Oxides Based Enzyme 
Nanoarchitectonics for Substrate Channelling 
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 Introduction 
Design of enzyme cascade reactions with high efficiency and selectivity remains a 
grand challenge for researchers. Enzymes involved in sequential cascade reactions 
have to be arranged in a manner that the mass transport of precursors is limited. There 
is a need for direct transfer of reactants from one active site to another without the 
effect of bulk diffusion in a system (Miles et al., 1999). This is required to reduce the 
effects of competing reactions and to prevent substrates from toxic intermediates 
(Wheeldon et al., 2016). There have been many approaches undertaken to enhance 
the cascade reactions for increased yield and selectivity. For instance, nucleic acid 
scaffolds have been designed to organise cascade reactions involving glucose 
oxidase (GOD) and horse radish peroxidase (HRP) (Wilner et al., 2009a). 
Polyelectrolyte multilayer coated colloids have also been investigated to study the 
effect of co-immobilisation and it was observed that when HRP and GOD were 
immobilised on the same layer, activity increased 2.5 times (Pescador et al., 2008). 
But the arrangement was random and the effect of spatial organisation was not 
studied. To circumvent this problem, DNA scaffolds have been developed to spatially 
organise HRP and GOD molecules at close distance and studied for the effect of 
distance between enzymes on substrate channelling (Fu et al., 2012). The activity of 
HRP/GOD on DNA nanostructure as a function of interenzyme distance was studied 
and it was concluded that restricting intermediate diffusion to two dimension plays a 
major role in activity enhancement (Wilner et al., 2009b).  The major drawback was 
the fabrication of this spatially addressable scaffolds, which was complex and time 
consuming. Recently, molecular level control over enzymes at the nano scale using 
immobilisation has provoked a lot of interest among researchers (Ariga et al., 2013). 
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Graphene, 2D nanomaterial is an important material due to its large surface area (Zhu 
et al., 2010, Mathesh et al., 2015) and ease of biofunctionalisation with biomolecules 
(Küchler et al., 2016, Li et al., 2012). Chemically reduced graphene oxide (CRGO) 
have huge potential to enhance the activity of enzymes upon immobilisation (Mathesh 
et al., 2016). Proteins possess various hydrophobic/hydrophilic groups and could self-
assemble onto molecularly engineered graphenes with different 
hydrophilic/hydrophobic interface, modifying their activity. Moreover, multi enzyme 
could be co-immobilised to the same substrate, mimicing multi-enzyme complexes 
found in cellular systems (Zhao et al., 2014). Due to increased attention towards 
enzyme cascade reactions, graphene could provide a solution to co-immobilisation on 
the same support (Ansari and Husain, 2012). Zhao et al., co-immobilised glucose 
oxidase (GOD) and gluconic acid (GA) onto CRGO for continuous production of starch 
(Zhao et al., 2014). Even though good reusability and stability was shown, the effect 
of hydrophobicity on the secondary structure of enzymes was not well understood. 
Cytochrome C and horse radish peroxidase (HRP) were co-immobilised on a chitosan-
graphene oxide modified electrode for detection of oxygen and hydrogen peroxide 
(H2O2) (Wan et al., 2011a). These sensor struggled with stability and reproducibility 
after 2 weeks of storage time. GOD and HRP were co-confined in macroporous silica 
foam for glucose detection, but the biosensor suffered with lower catalytic activity and 
sensitivity, due to crowding effects and surface hydration (Cao et al., 2012).  
The major challenge in substrate channelling is bulk diffusion, which could be solved 
by assembling the enzyme involved in cascade reactions close to each other. This 
would help in reducing lag transient time, minimising the risk of the competing 
reactions (Huang et al., 2001b) and enhancing catalysis (Wheeldon et al., 2016). Most 
of the strategies developed to study substrate channelling are based on spatial 
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organisation (Li et al., 2014) on supports involving complex synthesis. Also studies 
conducted by immobilising malate dehydrogenase (MDH) and citrate synthase (CS) 
showed decreased specific activity due to enzyme structural changes (Keighron and 
Keating, 2010). There is a lack of understanding of enzyme structural changes and 
conformations that can enhance activity and substrate channelling. Herein, a 
systematic study has been carried out to better understand the above by studying the 
model enzymes HRP and GOD, which are known to participate in a cascade reaction. 
Various hydrophobic surfaces were synthesised by reducing GO at different time 
intervals and these were used for immobilisation to achieve maximal activity of 
enzymes, which was further used to study enzyme architectures for promoting 
substrate channelling. The reaction conditions were optimised to achieve better 
substrate channelling for the bienzyme system in comparison to free enzymes. 
Interestingly, immobilised enzymes showed a 20 order increase in sensitivity 
compared with free enzymes, due to signal amplification.  Furthermore, a bienzyme 
paper was fabricated for long term storage and reusability. This study will aid in the 
development of new nanostructured scaffolds that could help in controlling enzyme 
configuration, enabling a better understanding of substrate channelling and 
development of pathways required for the next generation of metabolic engineering 
applications. 
 Materials and methods 
7.2.1  Enzyme immobilisation 
HRP and GOD in 100 mM PBS buffer (pH 7) were immobilised separately on GO with 
a final concentration of both enzyme and graphene of 1 mg/ml. The immobilisation 
was carried out on ice for 2 hours. The solution were then washed thrice with buffer to 
remove the unbound enzymes from the carrier. The amount of enzyme absorbed onto 
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the carrier was estimated by the Lowry’s method (Waterborg and Matthews, 1994). 
CRGO were immobilised with the same amount of enzyme which was bound to GO. 
The solution was used as such for catalytic activity evaluation and glucose detection. 
Samples for CD spectroscopy, FTIR spectroscopy, atomic force microscopy and 
zetasizer were obtained by appropriate dilution. 
The two enzymes were also co-immobilised onto CRGO 4 hr to design a multi-enzyme 
system. Typically, 100 μg of HRP was added to 500 μg of carrier and immobilised for 
2 hours on ice and washed. To this and 400 μg of GOD solution was added and 
immobilised for 2 hours on ice and washed, unless stated. The solution was then 
washed thrice, to remove the unbound enzyme and used as such for glucose 
detection. 
7.2.2  HRP and GOD activity assay 
HRP activity was determined by TMB assay. In a typical reaction, 72 μl of TMB (1 
mg/ml), 25 μl of H2O2 (1 mM), 5 μl of HRP/ HRP immobilised solutions  (100 μg/ml) 
and appropriate volume of citrate buffer (pH 3, 100 mM) was added to make up the 
volume to 500 μl and allowed to stand for 1 min. The absorbance was measured at 
650 nm.  
GOD activity was determined by coupling oxidation of glucose producing H2O2, which 
was further used to oxidise TMB in presence of HRP. In a typical reaction,  72 μl of 
TMB (1 mg/ml), 20 μl of glucose (10 mM), 5 μl of HRP (100 μg/ml), GOD (100 μg/ml) 
and appropriate PBS buffer (pH 5, 100 mM) was added to make up the volume to 500 
μl and allowed to stand for 30 mins. The absorbance was measured at 650 nm. For 
optimisation of HRP: GOD ratio, different ratios from 6:1 to 1:6 ratio were used and 
the above mentioned procedure was followed. 
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7.2.3  Time course studies 
In a typical reaction, 72 μl of TMB (1 mg/ml), 20 μl of glucose (10 mM) and 5 μl of HRP 
(100 μg/ml), 20 μl of GOD (100 μg/ml) and appropriate PBS buffer (pH 5, 100 mM) 
was added to make up the volume to 500 μl and the reaction was monitored 
continuously for 3 minutes. In the case of separately and co-immobilised enzymes 5 
μl of HRP, 20 μl of GOD and 5 μl of conjugate was used, respectively. 
7.2.4  Transient time studies 
Reaction time course was monitored continuously for 2 minutes at 414 nm with 10μl 
of ABTS (50 mM), 20 μl of glucose (20 mM), equivalent amount of enzymes were used 
as described above with a total reaction volume of 500 μl with PBS buffer (pH 5, 100 
mM).  
7.2.5  Fabrication of bienzyme paper 
In a typical film formation, 1 ml of CRGO 4 hr co-immobilised with HRP/GOD was 
(washed thrice) vacuum filtered on an isoporous membrane (polycarbonate, 
hydrophilic, 0.8 μm, 25 mm, white, plain, Millipore Corporation, Australia)  using a 
vacuum filtration unit (RZ6, Vacuubrand Inc., U.S.A.). Free standing films were peeled 
off from the membrane. 
7.2.6  Glucose detection 
Glucose detection was carried out for free, immobilised and co-immobilised solution. 
For free and immobilised enzymes 5 μl of HRP and 20 μl of GOD was added to 72 μl 
of TMB (1 mg/ml) with varying concentration of glucose, to make a final volume of 500 
μl with pH 5 PBS buffer (100 mM). The solution was allowed to stand for 30 mins and 
24 hrs for solution and paper, respectively.   
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 Results and discussion 
Figure 6.1 shows the schematic representation of substrate channelling between GOD 
and HRP molecules immobilised on graphene oxide. The basic principle involves GOD 
which in presence of oxygen facilitates the production of H2O2, which is used by HRP 
to oxidise TMB producing a blue coloured product for detection. HRP is catalytically 
linked to GOD which causes the signal amplification (Zhu et al., 2014), due to cascade 
reactions. 
 
Figure 7.1 Schematic representation for substrate channelling of H2O2 between GOD and HRP 
7.3.1  Atomic force microscopy 
Synthesised GO and CRGO were used for immobilisation of HRP and GOD. The 
amount of enzyme immobilised on the surface was determined to be 1 mg/mg and 
0.84 mg/mg of support for HRP and GOD, respectively. The same amount of enzyme 
was loaded onto CRGO’s. The topography of GO upon immobilisation with enzymes 
was studied with AFM. AFM measurements revealed GO to have an height profile of 
around 1 nm, which is consistent with previous studies (Xu and Gao, 2011), whereas 
after immobilisation onto GO (figure 6.2a) an increase in height to 1.5 nm and 3 nm 
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was observed for HRP (figure 6.2b) and GOD (figure 6.2c), respectively. GO are 
known to bind with enzymes on either side of their basal plane, which forms a 
sandwich-like structure of assembled monolayers of enzymes on both sides of the GO 
sheets (self-assembled with the assistance of substrate GO). The flat plate-like 
structure of GO makes this sandwich-like structure possible. The HRP and GOD 
height upon immobilisation was calculated to be 0.25 and 1 nm in height when 
immobilised as monolayers, respectively.   
 
Figure 7.2 AFM images of GO before and after immobilisation. (a) GO, (b) GO bound with HRP and 
(c) GO bound with GOD with their corresponding height profile. An increase in height profile from 1 
nm of GO to 1.5 nm and 3 nm was observed for HRP and GOD immobilised surface, respectively. 
7.3.2  Hydrophobic interaction between enzyme and graphenes 
In order to support the hypothesis of hydrophobic interactions being involved between 
the enzymes and chemically reduced graphene oxides (CRGO), the effect of pH on 
enzyme loading of enzymes was studied on GO and CRGO 6 hrs (figure 6.3). 
Enzymes loading on supports in different pH differs, when electrostatic interaction 
prevails. In case of hydrophobic interactions the pH used for binding does not have 
any effect on enzyme loading. In case of GO, enzyme loading was affected to a greater 
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extent with change in pH. For both enzymes, the enzyme loading decreased when the 
pH values reached above their pI values (HRP 7.2 and GOD 4.2). This shows the 
existence of electrostatic interactions between GO and the enzymes. This interaction 
is due to the presence of positively charged groups on enzymes at pH below their pI 
values, with the negatively charged groups present on GO. In case of CRGO 6 hrs, 
the enzyme loading was sparsely affected which removes the possibility of 
electrostatic interaction. 
 
Figure 7.3 Enzyme loading on different hydrophobic surfaces. Effect of pH on enzyme loading of HRP 
(a) and GOD (b) on GO and CRGO 6 hr. 
To complement this, surface charge measurements were carried out using zetasiser 
(figure 6.4). Negative zeta potential values in the range of -45 mV was observed for 
CRGO, which is well within limits of the literature (Si and Samulski, 2008). Both HRP 
and GOD also had a net negative charge on them. After immobilisation with HRP and 
GOD the zeta potential values were in the range of -50 to -40 mV. The presence of 
negative charges on both CRGO and enzymes, together with subtle changes in the 
zeta potential values before and after immobilisation eliminates the possibility of 
electrostatic interaction. 
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Figure 7.4 Surface charge analysis of CRGO’s reduced to different time intervals (black), after 
immobilisation with HRP (red) and GOD (blue). 
7.3.3  Secondary structural changes after immobilisation 
Immobilisation leads to changes in secondary structure of proteins (Secundo, 2013). 
In the current study, the effect of hydrophobicity on immobilised enzymes was 
investigated systematically. The changes in the secondary structure of enzymes was 
studied by CD and FTIR spectroscopy for HRP (figure 6.5a) and GOD (figure 6.5b).  
CD spectra for both enzymes showed minima at 209 and 222 nm, which are indicative 
of α-helix content (Bolaños-García et al., 2001). The minima at 222 nm is due to the 
n-π* amide transition of peptide linkage in a protein attributed to α helicity of enzyme 
(Myer, 1968), which can be used for monitoring the unfolding of the protein (Tang et 
al., 2002). We observed a constant decrease in ellipticity at 209 and 222 nm with an 
increase in hydrophobicity of surfaces, indicating decrease in α-helical content (Qing 
et al., 2014) after immobilisation. After immobilisation to CRGO for 6 and 24 hrs both 
enzymes showed a higher change in secondary structure, attributed to higher 
unfolding of the enzymes. The extent of decrease in α helical content for HRP was 
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less than that of GOD, indicating HRP to be more stable on reduced graphene oxides. 
In the case of GOD, the ellipticity at 222 nm greatly decreased with increasing 
hydrophobicity of the surface.   
 
Figure 7.5 Secondary structural changes study of enzymes after immobilisation. CD spectroscopy of 
(a) HRP, (b) GOD and FTIR spectroscopy of (c) HRP , (d) GOD upon immobilisation to different 
hydrophobic surface. The far UV-CD spectra showed a decrease in ellipticity at 209 and 222 nm 
indicating decrease in α helix content with increasing hydrophobicity. FTIR spectra revealed increase 
in intensity of amide I region with increasing hydrophobicity indicating higher change in secondary 
structure. 
This unfolding can lead to changes in the microenvironment of the proteins, which may 
have direct influence on the activity of the proteins. When HRP was immobilised onto 
different CRGO, a similar trend of change in secondary structure was observed (Zhang 
et al., 2012b). In order to quantitatively determine the change in α helix and β sheet 
content upon immobilisation to different hydrophobic supports, FTIR spectroscopy 
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was performed. The absorption peaks due to peptide group vibrations in the 1800-
1000 cm-1 region comprising of amide I (1639 cm-1), amide II (1535 cm-1) and amide 
III (1230 cm-1) bands due to C=O stretching, N-H bending and C-N stretching 
vibrations, respectively (Monier et al., 2010), were  obtained for HRP (figure 6.5c) and 
GOD (figure 6.5d) immobilised onto CRGO sheets. A higher change in intensity of 
amide I region was observed for GOD immobilised to different hydrophobic surfaces 
than for HRP. This change in intensity is related to the higher change in secondary 
structure of protein (ur Rehman et al., 2012). The amide I band from 1700 to 1600 cm-
1 in FTIR spectra arises due to C=O stretching vibrations of peptide linkages, which 
are also responsible for most sensitive vibrations due to the secondary structure of 
protein (Kong and Yu, 2007). This region upon secondary derivative analysis yields 
signatory bands at 1655 cm-1 and 1625 cm-1, which are characteristic of α helices and 
β sheets, respectively (Miyazawa and Blout, 1961). Spectral deconvolution was 
performed using 100% Lorentzian+Gaussian fit, which yielded the α-helix/ß-sheet 
ratio.  
Table 7.1 Spectral deconvolution results for FT-IR obtained by immobilising HRP and GOD on 
different hydrophobic surfaces. A decrease in α-helix/β-sheet ratio was observed with increase in 
hydrophobicity of immobilising surfaces.  
Immobilised Surface D-helix/β-sheet ratio 
HRP GOD
GO 1.324 1.039 
CRGO 1 hr 1.246 0.769 
CRGO 2 hr 1.144 0.684 
CRGO 3 hr 1.141 0.678 
CRGO 4 hr 1.089 0.670 
CRGO 6 hr 1.024 0.504 
CRGO 24 hr 0.987 0.478 
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As shown in Table 6.1, a decrease in α-helix/β-sheet ratio for both enzymes before 
and after immobilisation onto various hydrophobic surfaces was observed, indicating 
a decrease in α-helical and increase in β-sheet content. Quantitative analysis showed 
a higher change in α/β ratio for GOD than HRP, indicating the hydrophobic surfaces 
causes more changes in the secondary structure of GOD than HRP. This results are 
consistent with the results obtained from CD spectroscopy.   
7.3.4  pH optimisation 
Changes in secondary structure of proteins leads to changes in their activity. To study 
the effect of this change on the activity of enzymes, activity test was carried out based 
on the product conversion rate. Prior, to this pH optimisation was carried out for HRP 
and GOD. The optimum pH was found to be 3 and 5 (figure 6.6), for HRP and GOD 
respectively and the immobilisation did not make any change to the optimum pH 
condition. This optimum conditions has been cited in literature before (Zhou et al., 
2012, Jiang et al., 2012). 
 
Figure 7.6 pH optimisation for (a) HRP and (b) GOD before and after immobilisation. 
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7.3.5  Product conversion rate test 
Based on the above conditions, activity test was carried out for HRP and GOD. HRP 
(figure 6.7) enzymes immobilised to GO showed a decrease in activity as compared 
to free enzyme. This decrease in activity was attributed to the presence of electrostatic 
interactions with GO, as indicated by decreased enzyme loading at different pH. The 
electrostatic interactions led to changes in enzyme structure, as seen by CD and FTIR 
spectroscopy. A plausible explanation is the burial of hydrophobic residues, due to the 
hydrophillicity of GO. When HRP comes into contact with hydrophilic surfaces, there 
is a change in protein structure as observed by spectroscopy data, and this change 
may result in hydrophobic residues being buried in the interior of the protein 
(Mogharrab et al., 2007). When the hydrophobicity of the surface is increased, a small 
increase in activity of HRP was observed. It is well known that the substrate binding 
site in HRP is a hydrophobic pocket (Mogharrab et al., 2007). Upon increasing 
hydrophobicity, the protein surface changes and exposes the heme binding pocket, 
which impacts activity. Simulation studies indicate that H2O2 enters the heme site with 
a fluctuating entry point with hydrophobic residues at the surface, resulting in opening 
and closing of the pore entrance for substrate binding (Khajehpour et al., 2003). Upon 
exposure to hydrophobic surface, conformational changes make the entry site more 
accessible, thereby resulting in activity change. When the surface becomes too 
hydrophobic, the change in the secondary structure increases along with increased 
interactions between enzyme and the binding support, resulting in decreased activity. 
GOD (figure 6.7) exists in the form of a heterodimer that has a lid at the dimer interface 
(Zhong and Zewail, 2001). This lid covers the FAD binding channel and the dimer 
reduces the solvent accessible area, which prevents opening of the lid. Closure of lid 
also assists in dimer formation and closure of the FAD moiety (Hecht et al., 1993). 
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Upon immobilisation to hydrophobic surfaces this lid may be partially opened, due to 
changes in secondary structure, thereby increasing the solvent accessible area and 
directly influencing the substrate binding site. Also, the binding of β-D glucose 
molecules to the active site is governed by hydrogen bonds and hydrophobic 
interactions (Wohlfahrt et al., 1999). The presence of a hydrophobic surface may 
favour binding of the substrate to the active site of the enzyme, increasing activity. 
Similarly, results have been obtained upon immobilisation of GOD onto self-
assembled monolayers (SAMs), where the activity of GOD was observed to increase 
in the presence of a hydrophobic surface (Guiomar et al., 1999). 
 
Figure 7.7 Relative product conversion rate of (a) HRP and (b) GOD before and after immobilisation 
to different hydrophobic surfaces. HRP showed very little change in activity as compared to GOD. 
Surface with highest activity was taken as 100 %. Both of them showed highest activity for CRGO 4 
hrs. 
7.3.6  Substrate channelling  
Once the optimum hydrophobicity suitable for immobilisation was determined for the 
enzymes, the effect of different enzyme architectures on a phenomenon called 
substrate channelling was investigated. When one enzyme is catalytically linked 
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another, the product of one enzyme acts as substrate for the other and hence has to 
be transferred from one active site to the other, which is known as substrate 
channelling (Zhang et al., 2015). To understand this phenomenon, the effect of 
sequence of enzyme binding and different types of immobilisation was investigated, 
followed by transient time studies for quantitative evaluation of substrate channelling, 
and impact on product conversion rate. With effective architectures of enzymes 
involved in cascade reactions it was possible to increase the reaction rate and 
sensitivity of a reaction.     
7.3.6.1  Effect of different types of immobilisation strategy 
Study of single enzymes immobilisation on different hydrophobic surfaces provided 
optimal hydrophobicity which could further be extrapolated to study the effect of co-
immobilisation of enzymes on the same support. The effect of co-immobilising HRP 
and GOD in a random and sequential manner was studied (figure 6.8). For this 
purpose two samples were tested. a) Mixture of HRP and GOD; and b) HRP first then 
GOD second; were immobilised on the same CRGO 4 hrs sheets. The sequential 
immobilisation of HRP first followed by GOD showed 2.2 times more enzymatic activity 
than the immobilisation of mixture of the two enzymes. When a mixture of enzyme 
solution is used it is difficult to control the loading of enzymes on the support. Also 
there arises a possibility of non-specific adsorption between enzymes, which can have 
a negative effect on the active site conformation, resulting in decreased activity, as 
observed in this study. Previous studies conducted by simultaneous adsorption of 
MDH and CS on gold nanoparticles have suggested interactions between enzymes in 
solution before immobilisation (Keighron and Keating, 2010). For sequential 
immobilisation there is improved control over enzyme loading, which can be quantified, 
and also a reduced effect of enzyme folding/unfolding on hydrophobic surfaces by the 
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presence of other enzymes. We propose the acclimatisation time for individual 
enzymes on the support plays a key role in enhancing substrate channelling, which is 
lacking for mixtures of enzymes used for immobilisation. 
In multi-enzyme systems, the enzymes works in a particular sequence and the 
architecture of enzymes can limit the diffusion of molecules between active sites of the 
two enzymes. For this purpose, the assembly of GOD and HRP on CRGO 4 hrs was 
studied to overcome the detrimental effects of diffusion of substrates between the 
active sites. One reaction consisted of HRP bound to CRGO 4 hrs first, followed by 
binding with GOD (HRP@GOD), and the other with GOD first, followed by HRP 
(GOD@HRP). The HRP@GOD conjugate had two times more activity then the 
HRP@GOD complexes (figure 6.8). A similar trend was observed for the same model 
system bound to inorganic nanocrystals (Li et al., 2014). This could be explained by 
the fact that the cascade reactions begins with glucose being oxidised to 
gluoconolactone, which is catalysed by GOD in presence of oxygen, releasing 
hydrogen peroxide. If GOD is present near glucose and oxygen molecules, then the 
reaction takes place immediately, rather than GOD being covered by HRP, in which 
case glucose has to pass through the first enzyme and reach the target enzyme. Also, 
HRP is known to have high substrate turnover rates, which prevent diffusion of 
peroxide molecules into the bulk.  Similar results were obtained for immobilising HRP 
and GOD on carbon nanoparticles (Ciaurriz et al., 2014). Enzymes which catalyse the 
first reaction generally have higher enzymatic activity when present in the outer layer, 
due to reduced diffusion resistance towards the substrates (Zhang et al., 2015). 
HRP@GOD on CRGO 4 hrs showed 1.2 times better activity than the same 
immobilisation on polystyrene nanoparticles using DNA hybridisation (Jia, 2013). 
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Figure 7.8 Product conversion rate test for studying the effect of different types of immobilisation and 
sequence of enzyme loading. Sequential immobilisation showed 2.2 times more activity than random 
immobilisation. GOD@HRP showed two times more activity then HRP@GOD. 
7.3.6.2  Evaluation of transient time Ʈ 
In order to confirm the substrate channelling process, it is necessary to quantify and 
compare the free and co-immobilised systems. It can be quantitatively determined with 
transient time (Ʈ) analysis, which showcases the lag phase in the cascade reaction to 
reach the steady state flux (Wheeldon et al., 2016). Transient time is the time taken 
for the reaction to reach a linear fit in a reaction course time plot. Figure 6.9 shows the 
reaction time course for free and co-immobilised enzymes. Freely diffused enzymes 
were observed to have a transient time of approximately 35 s and co-immobilised 
enzymes had almost no lag time, which shows a high level of substrate channelling. 
This is due to close proximity between the enzymes active site upon co-immobilisation, 
which decreases the bulk diffusion of intermediate product. Such studies have been 
conducted on other enzymes in which the substrates undergo substrate channelling. 
For example, bifunctional thymidylate synthase-dihydrofolate reductase (TS-DHFR) 
enzymes, in which monofunctional TS and DHFR showed a 25s lag phase and 
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bifunctional enzymes showed no lag phase (Trujillo et al., 1996). In another example, 
GOD and HRP co-immobilised on DNA scaffolds (Wilner et al., 2009b) and micelles 
(Jia et al., 2012) had a lag time of 45 and 1s, respectively. Even though the micellar 
system transient time is comparable to ours, its major drawback is the synthesis 
procedure. Also, this system did not examine the possibility of enhancing enzymatic 
activity by controlling immobilisation, which could make the active site more 
accessible. In comparison, we have demonstrated a change in activity by controlling 
the hydrophobicity of the immobilising support and use a facile process to demonstrate 
substrate channelling.       
 
Figure 7.9 Time course measurement of free and co-immobilised enzymes. Transient time Ʈ was found 
to approach 0 for co-immobilised enzymes. 
7.3.6.3  Effect of substrate channelling on activity 
Once the suitable enzyme architectures were determined, enzymes in three different 
forms were studied to highlight their difference in product conversion rate due to 
substrate channelling. That is, free, immobilised separately on different CRGO sheets 
and co-immobilised on the same CRGO sheets. The product conversion rate for 
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separately immobilised enzyme is better than that for free enzymes, which is 
consistent with previous results. Immobilisation on an optimised hydrophobic surface 
caused structural changes in enzymes, as supported by secondary structure studies 
and improved product conversion rates in comparison with free enzymes. When the 
enzymes were co-immobilised on the same support, a three times better enzymatic 
activity than the free enzymes, and a 1.8 times better activity than separately 
immobilised enzymes, was observed (figure 6.10). HRP is catalytically linked to GOD, 
hence, in a co-immobilised system the active site of HRP is in close vicinity to the 
active site of GOD, which facilitates the direct transfer of H2O2 molecules produced by 
GOD to the HRP active site, resulting in better substrate channelling. The 
enhancement in activity can be explained by the reduced mass transfer distance due 
to close proximity of enzymes in the nanoscale matrix, resulting in a high local H2O2 
concentration.(Lyu et al., 2014) 
From previous studies it has been observed that when the diffusion of the intermediate 
substrate is limited to 2D the overall activity increases (Fu et al., 2012). For example, 
RNA assemblies have shown high enhancements in activities when the substrate 
diffusion is limited to 2D diffusion (Delebecque et al., 2011).  When enzymes are 
placed closely to each other, instead of H2O2 molecules getting diffused into the bulk 
(as in case of free enzymes), they get transferred directly between the enzymes active 
sites, leading to dimensionally restricted diffusion that dominates over 3D diffusion. 
Also, from previous simulation results it has been shown that H2O2 molecules have 
longer residence time in the hydration layer near the protein surface (Chung et al., 
2007), which again reduces the possibility of bulk diffusion and facilitates transfer of 
H2O2 molecules. In our case, the 2D nature of sheets gives an advantage over 3D 
diffusion and enhances the overall product yield due to better substrate channelling. 
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This is consistent with results obtained by binding enzymes to spatially organised DNA 
nanostructures (Wilner et al., 2009b), where 2D substrate diffusion prevails.     
 
Figure 7.10 Effect on product conversion rate by free, immobilised separately and co-immobilised 
enzymes.  Equivalent amount of enzymes were used in all test.  Co-immobilised enzymes showed 3 
times better activity than the enzymes immobilised separately. 
7.3.7  Enzyme ratio optimisation 
Once the balance between hydrophobicity/hydrophillicity was optimised for the 
enzymes to have maximum activity/response, the ratio of HRP: GOD was optimised. 
HRP and GOD have different roles in glucose detection. Hence, there may be a 
possibility that the ratio of enzymes used may affect the glucose detection process 
(Yao and Shiu, 2008). Ratio’s ranging from 1:6 to 6:1 for HRP: GOD were tested for 
this purpose (figure 6.11). The molar turnover numbers for HRP and GOD are 9.7 x 
109 and 3.2 x 109 units/mol, respectively (Mackey et al., 2007). Since, HRP is 3 times 
more catalytically active than GOD, the optimum ratio was found to be 1:4. Hence, 
colorimetric detection was carried out at this ratio. 
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Figure 7.11 Ratio optimisation of HRP:GOD. 1:4 ratio showed the best absorbance value at 650 nm. 
7.3.8  Glucose detection 
After optimisation, glucose detection was carried out for free and co-immobilised 
enzymes (figure 6.12).  Free enzymes showed a linear range of glucose detection from 
20 to 200 μM, with a LOD of 10 μM, whereas the co-immobilised enzymes showed a 
linear range from 1 to 200 μM with a LOD of 0.5 μM. The reason for the increased 
linear range can be attributed to signal amplification caused by co-immobilisation, 
resulting from the cascade reaction (Zhu et al., 2014). The role of HRP is to oxidise 
TMB in presence of H2O2, and HRP is catalytically linked to the GOD, which oxidises 
glucose to gluconic acid and H2O2. This dependence of one enzyme on another leads 
to signal amplification. Furthermore, the oxygen generated by oxidation of TMB could 
be reused for oxidation by the FAD moiety in GOD, which is reduced during oxidation 
of glucose.  The LOD achieved by this co-immobilisation is 50 orders of magnitude 
more than those achieved by co-immobilising them on macroporous silica foam, which 
suffered from mass transfer limitations,(Cao et al., 2012) and 300 orders more 
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sensitive than those achieved by bienzyme system on paper based strips (Zhu et al., 
2014).  
 
Figure 7.12 Dose response curve for glucose detection.  Free (black) and co-immobilised (red) 
bienzyme system. Inset: Linear calibration plot for glucose 1 to 80 μM. Bienzyme system showed better 
sensitivity with 20 orders less LOD than free enzymes. 
7.3.9  Stability test 
A good biosensor should have good stability over long term storage. For this purpose, 
the stability of enzymes was tested over a period of 30 days. For HRP both the free 
and immobilised forms lost most of their activity at the end of the 30 day period. For 
GOD, 50% and 40 % losses in activity were observed for free and immobilised 
enzymes, respectively (figure 6.13). This indicates that HRP is less stable than GOD 
during storage. Another shortcoming of this immobilisation was lack in reusability. 
Once the co-immobilised enzymes were used once, it was hard to separate them from 
the reaction mixture and reuse them. 
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Figure 7.13 Stability test for HRP and GOD in free and immobilised solution forms. GOD showed 
better stability than HRP in both free and immobilised form. 
7.3.10  Enzyme paper 
To overcome the stability and reusability issues, an enzyme paper was fabricated by 
vacuum filtration of the co-immobilised solution. To make sure that co-immobilised 
enzymes were still active and perform glucose detection in paper form, a series of 
different concentration of glucose were tested (figure 6.14). The paper form showed 
two linear ranges, one from 1 μM to 100 μM and the other from 100 μM to 300 μM. 
The glucose detection took almost 24 hours in paper form, which may be a result of 
mass transfer limitations, since the enzymes are incorporated into the paper form. 
These mass transfer limitations were also observed after immobilisation of enzymes 
in macroporous silica foam.(Cao et al., 2012) Once glucose detection was observed, 
they were further tested for stability and reusability, which was lacking in the case of 
immobilised enzymes in solution form. 
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Figure 7.14 Glucose detection by co-immobilised enzymes in paper form.  Inset: Linear calibration 
from 1 to 80 μM. Paper form showed two linear plots one from 1 to 100 μM and the other from 100 to 
300 μM. 
 
 
Figure 7.15 (a) Stability and (b) reusability test for co-immobilised enzymes in paper form.  Paper form 
showed good stability for a period of 2 months with 15 to 17 % loss in activity and good reusability 
with 30 % loss in activity. 
For the first 2 to 3 weeks no significant loss in activity was observed. After a period of 
1 month 7 to 8 % loss in activity was observed, which increased to 15 to 17 % at the 
end of 2 months. The enzyme paper showed better stability than other materials used 
for immobilisation. HRP immobilised onto metal ion carrier (Chaga, 1994) and CPG 
(Pandey and Weetall, 1995) had stability of 5 and 21 days, respectively. On the other 
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hand GOD retained 55 % of its activity after 60 days after immobilisation onto 
microporous membranes (Ying et al., 2002). In comparison, our system showed better 
operational stability. In terms of reusability, the paper form showed good reusability up 
to 6 times with only a 30 % loss in activity (figure 6.15). Decreasing activity was 
observed with each successive reuse. This is attributed to the reaction time for each 
cycle. Each reaction cycle takes up to 24 hours, which requires the enzymes to be 
present at room temperature for a relatively long time, thereby reducing its activity. 
These results indicate good stability and reusability of the enzyme paper, which can 
be used as an functional material (Cheng and Li, 2013). 
 Conclusions 
When enzymes are catalytically linked to each other enzyme cascade reactions can 
take place. In this study HRP and GOD were used as a model system to study how 
enzyme architectures on graphene oxides can promote enzyme cascade reactions via 
substrate channelling. Since enzymes comprise various hydrophobic/hydrophilic 
groups that result in altered binding depending of surface hydrophobicity, we 
investigated the impact of immobilisation onto graphene surfaces of differing 
hydrophobicity. The effect of hydrophobicity on GOD and HRP enzymes 
immobilisation was further used to understand substrate channelling effects. HRP 
showed no significant changes in activity as compared to GOD, which showed 15% 
increase in activity upon increased hydrophobicity of the immobilisation system. This 
enzymes were further investigated for their differences in substrate channelling as free 
and co-immobilised systems. The co-immobilised system had extremely efficient 
substrate channelling compared with free enzymes, as shown by transient time 
analysis. Secondly, co-immobilised enzymes showed 20 orders lower LOD than free 
enzymes due to signal amplification, resulting in better cascade reactions. Thirdly, the 
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stability and reusability of the enzymes was further increased by fabrication of enzyme 
paper, which showed reusability up to 6 times and good stability up to 2 months. This 
finding provide a co-immobilised enzyme architecture that enhances cascade 
reactions, leading to improved sensitivity, with potential applicability in bio-
applications. 
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Chapter 8: Summary and Future Directions 
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The study presented in this thesis showcases how two-dimensional GO and its 
derivatives can be used for immobilising enzymes to tune its properties at the 
molecular level. Various tailor made GO derivatives was synthesised to study the 
effect of hydrophobicity on enzymes. The large surface area of GO and its derivatives 
allowed high enzyme loading and provided a good support for immobilisation. The flat 
plate like structure of these nanosheets allowed excellent interaction of substrates with 
the enzymes, overcoming mass transfer limitations. The key findings of each 
experimental chapter is discussed below. 
 Opening lids: Modulation of lipase immobilisation by graphene oxides 
Lipase comprising of hydrophobic helical lid is known to bind to hydrophobic supports 
resulting in increase in activity with increasing hydrophobicity due to interfacial 
activation. But there is lack in understanding the structure-activity relationship and 
proof that maximal enzyme activity has been achieved. In this work, both experimental 
and theoretical approaches were carried out to demonstrate the opening of the lipase 
active site covered by a lid. It was observed that as hydrophobicity of the immobilising 
surface increased the lid opening increased, resulting in increased activity. The 
hydrophobic surface with water contact angle of 70.6° ± 2° showed highest increase 
in activity. The lid opening is due to sophisticated interactions with the surface as 
observed by MD simulation studies. Spectroscopic results indicated decrease in α 
helical content as compared to free lipases which leads to increased activity. Upon 
further increasing hydrophobicity the activity reduced due to stronger interactions of 
the lid with surface, thereby, denaturing lipases. Immobilisation of lipases in colloidal 
solution was not stable for long periods of time. For this purpose, enzyme paper was 
fabricated through vacuum filtration which showcased long term stability. This work 
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opens up new avenue for improving enzyme immobilisation through molecular level 
tuning of nanomaterials. 
 Graphene templates to study lipase unfolding by quantitative AFM  
From the above work, structural changes in lipase was observed on different 
hydrophobic supports. Many surface analysis techniques have been used to study the 
structural changes taking place in enzymes upon immobilisation. Even though SEM 
and QCM gives details about structural changes but there is lack in obtaining 
quantitative information. In order to better understand the structural changes, PF QNM 
AFM was carried out. Form this study, it was observed that as hydrophobicity of the 
immobilising support increased, a decrease in height and deformation profile was 
observed for lipases. This decrease was due to increased interaction between lipases 
and GO derivatives. The height and deformation profile decreased from 2.6 to 1.5 nm 
and 525 to 325 pm, respectively. The relative change in helical content between 
CRGO 2 hrs to 3 hrs was observed to correlate well with relative change in height and 
deformation profile. Phase imaging showed binding of lipases to hydrophobic domains 
on graphene oxide derivatives. The present experimental results provides a better 
understanding about the effect of hydrophobicity on enzyme structure which could be 
further developed to create a myriad of functional materials for bio-catalysis. 
 Graphene nano scissors to dissociate lipase dimers  
Lipases are known to form dimers due to hydrophobic interactions leading to decrease 
in activity. To overcome this issue, as a proof of concept study NGr was used to 
dissociate the dimers into monomers. Graphene is known to disrupt the protein-protein 
interactions in case of dimers and inhibit the activity which was studied by MD 
simulation, but there is lack in experimental validation. In this work, NGr was used to 
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dissociate the dimers formed by lipases from Rhizomucor miehei (MML). Gel filtration 
using superdex column showed lower concentration of NGr to initiate the dissociation 
process. Higher concentration of NGr showed lipases to bind on the hydrophobic 
domains of NGr. The effect of NGr on temperature assisted aggregation was also 
studied. It was observed that NGr was able to prevent the aggregation of lipases at 
40° C until 50° C, thereby increasing the denaturation temperature by 10°C. This 
increase in aggregation temperature is due to presence of hydrophobic domains on 
NGr which adsorbs the denatured lipases and avoids the intermolecular aggregation 
between them. Even though we propose the dimer dissociation using NGr, further 
investigation is required using nuclear magnetic resonance and heteronuclear singular 
quantum correlation which can identify the NGr binding sites on the dimer interface 
and chemical shift in the dimer backbone after dissociation, respectively. This study 
can be further extrapolated to dissociate various dimers for biomedical applications, 
for example, H-NS protein which is responsible for condensation of bacterial 
chromosomes. 
 Electroactive multilayer proteins within a graphene based nanoassembly 
Building up 3D materials by stacking 2D materials on top of each other opens up 
possibility to explore the dependence of properties on the thickness of the stacked 
layers. Nanoparticles and protein assembly by layer-by-layer deposition has been 
shown before. Once the lipase immobilisation was proved to be effective, further work 
was carried out on another enzyme namely, MP-11. Here, MP-11 and graphene 
nanosheets were self-assembled and stacked on top of each other in layer-by-layer 
fashion to study the protein coverage and the effect of thickness on the sensing 
properties. Spectroscopy studies was carried out to investigate the binding of MP-11 
with graphene, which was due to π-π interactions and MD simulations supported the 
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adsorption. 80 % protein coverage was observed for MP-11 on graphene which was 
closer to the theoretical value. Increasing the graphene/MP-11 layers increased the 
surface coverage with corresponding increase in electrode-addressable amount of 
MP-11. Face-to-face orientation was observed to be the most effective electron 
transfer path rather than using a spacer for binding MP-11 with graphene. 
Furthermore, the sensitivity of H2O2 detection corresponded to the MP-11/graphene 
layers. This essentially allows a simple, controllable approach for the development of 
electrochemically useful nanostructures with promising applications. 
 Graphene oxides based enzyme nanoarchitectonics for substrate 
channelling 
After thorough understanding of single enzyme immobilisation, further work was 
carried out on multi-enzyme system by co-immobilising GOD and HRP on the same 
support for studying enzyme cascade reactions. Enzyme cascade reactions requires 
transfer of substrate from active site of one enzyme to another, through a phenomenon 
called substrate channelling. Many studies has been carried out to spatially organize 
the enzymes on scaffolds to achieve perfect substrate channelling. In this work, it was 
demonstrated that randomly co-immobilised enzyme on GO derivatives resulted in 
perfect substrate channelling. This helps in overcoming complications associated with 
spatial distribution and compartmentalization. Enzyme involved in cascade reactions 
were systematically studied on tailor-made hydrophobic supports. HRP showed no 
significant changes in activity as compared to GOD, which showed 15% increase in 
activity upon increasing hydrophobicity of the support. Also, various enzyme 
architectures were investigated to increase the overall product conversion rate. The 
co-immobilised and sequential architecture of enzymes had transient time of 
approximately 0 s, attaining perfect substrate channelling due to direct molecular 
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transfer of substrates between the active sites of enzymes. This system was further 
explored for glucose detection which showed LOD of 0.5 μM, 20 orders less than for 
free enzymes, due to effective substrate channelling. In addition, a fabricated enzyme 
paper showed good stability and reusability. This findings provides a simple and 
efficient method for co-immobilised enzyme architecture strategy that enhances 
cascade reactions, leading to improved sensitivity and huge potential for bio-
applications. 
 Future directions 
Even though the binding of enzymes through hydrophobic interactions with GO based 
support is evident by our studies, it would be worthwhile to study the amino acid 
residues on enzymes binding to GO derivatives. This would provide more detailed 
understanding of lid opening on hydrophobic supports. Also, the effect of 
hydrophobicity on lipase activity and selectivity could be studied against different ester 
substrates. This developed strategies could be further used to immobilise on tailor 
made resins for industrial applications.  
AFM studies showed decrease in height and deformation profile in air, such studies is 
warranted in liquid state to witness how the lipase behaves in solution/wet condition. 
The opening of the lid could also be studied with the help of functionalised AFM tips 
that can show the role of lid and its movement on lipase activity. In case of dimer 
dissociation with NGr, although we showed initiation of dimer dissociation, further 
investigation is required to show the complete dissociation and the governing 
mechanism. NMR studies could reveal the binding sites of lipases on NGr and mass 
spec studies could show the dissociation of dimers into monomers. Once, the 
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dissociation mechanism is clear it could be extrapolated to dissociate other dimer 
forming proteins or enzymes to reduce its effects.  
The work presented here, showcases 2D scaffolds as an enzyme immobilisation 
matrix. A detailed study and thorough understanding of the effect of hydrophobicity on 
enzymes was developed. The future scope of this work open up new avenues that are 
promising towards single and multi-enzyme catalysis. Further study would help in 
better understanding of this nanomaterials that can be used as scaffolds for enzymes 
which could have various industrial applications.  
 Conclusions 
With the search of new scaffolds, our studies suggests that 2D GO and its derivatives 
could be the future for controlling and modulating enzyme immobilisation due to its 
unique properties. Molecular level tuning of hydrophobicity is the most interesting 
property which could be exploited to study its effect on enzyme architectonics and 
control the activity as desired. Using molecular engineering, we designed “tailor-made” 
GO-based nano-supports for more effective enzyme immobilisation. In case of multi-
enzyme system, the support can be used for co-immobilisation to enhance the 
substrate channelling effect. Also, graphene scaffolds could be used to build new class 
of 3D smart materials using layer-by-layer assembly for various applications. Various 
spectroscopic studies were carried out to correlate the experimental and theoretical 
work for enzyme structural changes. This research is an important step towards 
designing novel nanomaterials as a platform for enhancing enzyme 
immobilisation/activity. Our understanding of GO nanoparticles and how we may 
benefit from their use in enzyme immobilisation is a new area of research which holds 
great promise for novel smart materials. 
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